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Abstract 
Forty percent of people living in rural areas do not have broadband Internet access. 
Availability of affordable broadband access to the Internet would have a significant impact 
on enabling the economic development in these areas and in providing improved quality 
of life. However, large-scale deployment of broadband wireless technologies hinges on 
the development of reliable, low cost, and energy efficient networking solutions. To 
overcome wireless networking challenges in rural areas, a novel advanced directional 
networking technology has been proposed. The approach is based on enhancing 
intelligence and logic capabilities in the physical layer in the OSI Model and without 
causing changes in the other layers of the communication networking model. A critical 
component in implementing the proposed system is the development of a low-cost and 
low-profile circularly polarized antenna array with beam-switching/beam-steering 
capabilities. In this dissertation, a broadband long-slot antenna array fed by simplified 
microstrip structures was designed, fabricated and a prototype was tested in the HCAC 
indoor antenna range. For system components requiring extremely low-profile antenna 
installations, a narrower-band high-gain stacked patch antenna array with annular gap 
was also developed. Both antenna arrays were tested for beam-steering capabilities 
using a new design of a broadband microstrip-based 8×8 Butler matrix with compact 
crossovers. The antenna arrays and the Butler matrix were fabricated and experimentally 
characterized. Simulation results were verified with measured data. The long-slot antenna 
array has 40% bandwidth with an average gain of 17 dBic and an axial ratio of < 1.8 dB. 
The stacked patch antenna array has 16.7% bandwidth with an average gain of 23 dBic 
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and an axial ratio of < 1.6 dB. Stable radiation patterns and a scanning range of ±30° 
were obtained when the antenna arrays were fed by the Butler matrix.   
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CHAPTER 1                                                                               
INTRODUCTION 
1.1 Background and Current Technology 
The establishment of a cost-effective, reliable, and broadband wireless 
communication system in rural areas remains a significant technology challenge that 
requires a fresh look and innovative solutions. The vast coverage areas, rough terrain, 
and low user density in these areas often prohibit a cost-effective implementation of a 
standard wireless network system based on available technologies. The U.S. has 
tremendous wireless coverage from a variety of carriers, but the Federal Communications 
Commission in its 2015 report acknowledged that 55 million Americans – 17 percent of 
the population – lack access to an advanced broadband network. Moreover, a significant 
digital divide remains between urban and rural America: Over half of all rural Americans 
lack access to broadband service [1]. This has a negative impact on the inhabitants of 
rural communities and hinders economic developments in these areas. Affordable 
wireless communication and connectivity technology will have significant educational, 
health care and economic development impact on rural communities in the US and 
throughout the world. 
Current technologies for internet access are available in two basic forms, wired 
and wireless connections. In wired connection, several technologies have been 
developed, such as, DSL, cable internet and fiber optic internet. In wireless connection, 
satellite and cellular network are the commonly used technologies that support large area 
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coverage and long distant communication. In wired internet connection, a wire or cable 
needs to be deployed to connect the access point to the internet. DSL and cable internet 
services are widely available in urban areas, however, the deployment of wired internet 
connection in rural area is relatively difficult due to the vast area and low user density 
which dramatically increased the cost of the network infrastructure deployment.  
When cable or DSL is not an option, satellite internet is one of the top options in 
rural areas as satellite internet coverage is available for most part of the U.S. In satellite 
internet, direct line of sight is required, which the dish antenna on the ground needs to 
point to the direction of the satellite that it is going to communicate with and there should 
be no obstacle in between the communication path. Heavy rain or snow can interfere the 
satellite communication channel, which can result in reduction in internet speed or loss of 
internet connection. The long distance between the dish antenna on the ground and the 
satellite, typically twenty thousand miles, also introduces latency in the communication 
channel, which typically about 700 ms. This latency is relatively large when compared to 
other forms of Internet access and it is large enough to affect some internet applications 
that require small latency, such as real-time online gaming. Due to the large latency, 
majority of real-time, multi-player games are not playable on any satellite Internet service. 
In addition, the cost of satellite internet is higher than the DSL and cable internet.  
The other option for internet access is cellular network. Current 4G technology 
allows mobile users have broadband internet access in the cellular network [2]. In cellular 
network, the network is composed of a number of circular or hexagonal cells (base station 
coverage area), with the adjacent cells slightly overlapping with each other, to cover large 
area. Each cell is served by a wireless base station and the base station is connected to 
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the core network through a wired or wireless backhaul. The radius of the cell is usually 
determined based on the user density and typically within the range of couple miles [2], 
[3]. In order to provide the wireless coverage, omnidirectional antenna is often used in the 
base station for omnidirectional coverage. Some base stations use multiple sectorial 
directional antennas (higher gain) to form an omnidirectional coverage to increase the 
range and coverage area. An example of a base station setup using sector antennas is 
shown in Figure 1.1. The omnidirectional coverage is beneficial in urban environment, as 
the high user density often require always on coverage in all the areas. On the other hand, 
in the rural area, most of the energy will be wasted in omnidirectional coverage due to 
low user density. With limited coverage range, low user density as well as the challenging 
terrain and the deployment cost, majority of the rural areas do not have cellular network 
coverage.      
 
1.2 Directional Networking and Earlier Approaches 
Directional networking provides advantages including extended range, increased 
capacity, less susceptible to interference, and better power efficiency compare to 
 
Figure 1.1. Cellular network base station with sector antennas [4]. 
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communication networks using Omni-directional antennas [5].  Directional networking is 
also suitable to be used in environments with low user density. Therefore, directional 
networking is a good candidate to overcome the challenges in communication networks 
for rural areas.  New challenges, however, are introduced in directional networking, when 
true energy efficient directional channels are used, rather than a routine implementation 
of omnidirectional approach using multiple sectoral and simultaneously radiating arrays 
[6]. These challenges include the deafness problem and tracking of mobile users. The 
deafness problem occurs when the directional node is pointing its beam toward the 
existing users and unaware of any user outside the coverage angle of the directional 
beam which wants to establish communication.  
Serval researches have been proposed to address the deafness problem. 
However, they all focus on modifying the mac layer of the communication protocols, which 
can be complicated and not compatible with the existing communication protocols [7], [8], 
[9]. In [10], a research is proposed with changes only to the physical layer. In this research, 
the directional node consists of multiple sectors which equip with beam-switching 
antennas, a master controller is implemented in each node to determine and control the 
beam direction of the antenna in each sector based on the link-state information and geo-
location information of remote nodes received by the sectors. This approach has 
successfully demonstrated the directional node to node connection. However, it is relied 
on sharing link-state information and geo-location information of the nodes in the network, 
such that the master controller in each node has the same overall picture of the network, 
so that the algorithm implemented in the master controllers can come up with the same 
network typology and control the beam direction accordingly. Thus, the research in [10] 
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is not suitable for large number of nodes or users as a larger network require more 
computational resources. Moreover, it is more focus on the point to point connection 
between the nodes and hasn’t take point to multipoint architecture into account.  
1.3 Proposed Directional Networking 
To overcome these challenges and fully realize the advantages of directional 
networking, an advanced directional networking technology is being developed by our 
group [6], [11]. The directional networking system is comprised of interconnected 
Advanced Nodes which are equipped with enhanced hardware, three sets of antenna 
arrays, propagation modeling, and digital signal processing (DSP) and network logic 
capabilities to achieve a physical-layer-based implementation (no changes to MAC and 
upper Open Systems Interconnection (OSI) layers) while providing a vaster coverage 
area than omnidirectional nodes. Figure 1.2 shows the overview of the proposed 
technology. The geographical coverage of the advance node is divided into six sectors. 
The antenna arrays equipped in the advanced node are for user discovery and 
communications between the users and the advanced node, as well as node to node 
connectivity. Geospatial resources-based propagation modeling will be used to determine 
the optimal number and location placement of the advanced nodes. The DSP and network 
logic capabilities are responsible for user tracking, antenna array beam direction 
controlling, and network connectivity, such as, mobile user handover.  
Figure 1.3 shows the overview of the antenna arrays for the proposed advanced 
node. The advanced node has three types of antenna arrays for scanning, communication, 
and node-to-node connection. The advance node uses the scanning array for user 
discovery. Once a new user is discovered, based on the angle of arrival information from 
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the scanning array, the advanced node beamform and adjust the radiation pattern of the 
communication array such that is can cover the new user and establish communication 
channel with the new user, as well as keep the coverage and communication channels 
for the existing users. The node-to-node array is used to provide point-to-point 
connections between advanced nodes as well as to the core network. 
 
 
 
Figure 1.2. Overview of the proposed technology. 
 
Figure 1.3. Overview of the Antenna Arrays for proposed Advanced Nodes. 
7 
 
This set of antenna arrays, thus, enables the advanced nodes to discover new 
users, communicate with connected users and maintain node-node and node-core 
network connectivity, all while achieving a vaster coverage area than traditional wireless 
base stations with omnidirectional antennas. To ensure that full-directionality is achieved, 
algorithms and procedures are developed that enhances logic capability and intelligence 
to the Physical Layer and help achieve cost effective directional networking approach that 
does not require complex and expensive changes in upper layer of the OSI 
communication models. Specifically, all the required modifications are carefully chosen 
to conform to the MAC layer standards of the radio used and hence, are restricted only 
to the Physical Layer of the OSI layer stack as illustrated in Figure 1.4. 
 
To examine the feasibility of developing such a system, its overall performance 
was simulated using Matlab’s WLAN Systems Toolbox for waveform generation, 
demodulation and analyses [6]. Simulations were performed to test the ability of advanced 
nodes to discover and communicate with users and analyze the performance and 
 
Figure 1.4. Physical-layer-based implementation. 
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coverage. Eight-element scanning and communication antenna arrays were used on a 
communication network setup that included mobile users that communicate with the node 
using the WiFi standard IEEE 802.11 ac. The waveforms were designed using the 
Matlab’s WLAN Systems toolbox occupying 80 MHz bandwidth, centered at 5.25 GHz. 
Figure 1.5 shows sample simulation result illustrating the multi-beam capability of the 
advanced nodes as a single mobile user in sector 1 is tracked within the sector. In Figure 
1.6, sector-to-sector handover is illustrated as the user moves from sector 2 to sector 1.  
 
 
 
Figure 1.5. Simulation result based on IEEE 802.11 ac of the proposed system for user 
tracking. 
 
Figure 1.6. Simulation result based on IEEE 802.11 ac of the proposed system for sector-
sector handover. 
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In realizing this new technology, antenna arrays and feeding network were 
developed. The main focus of this dissertation is on the development of low-cost, low-
profile, broadband, high-gain and circularly polarized antenna arrays, as well as a low-
cost feed system that enables beam-steering or beam-switching capabilities. Furthermore, 
alternative antenna designs were simulated, and some of these designs were prototyped 
and experimentally tested. The remaining sections of this dissertation are focused on the 
antenna array designs, prototyping and testing.  
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CHAPTER 2                                                                                                               
ANTENNA ARRAY DESIGN 
In antenna design, there are several parameters are used for quantifying and 
evaluating the performance and radiation characteristics of an antenna. At the beginning 
of this chapter, the important antenna parameters will be covered. Then, the rest of this 
chapter will be on the antenna array designs for directional networking application.  
2.1 Antenna Parameters 
2.1.1 Radiation Pattern 
According to IEEE standard [12], an antenna radiation pattern is defined as “the 
spatial distribution of a quantity that characterizes the electromagnetic field generated by 
an antenna. The distribution can be expressed as a mathematical function or as a 
graphical representation. The quantities that are most often used to characterize the 
radiation from an antenna are proportional to, or equal to, power flux density, radiation 
intensity, directivity, phase, polarization, and field strength. In most cases, the radiation 
pattern is determined in the far-field region and is represented as a function of the 
directional coordinates.” The spatial distribution of radiated energy over a polar or 
spherical coordinate system is the most commonly used radiation pattern representation. 
Figure 2.1 shows an example of an antenna radiation pattern on spherical coordinate 
system.  
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2.1.2 Half Power Beamwidth 
Beamwidth is a parameter associate with radiation pattern of an antenna. In 
radiation pattern of an antenna, the main lobe is the main beam of the antenna where 
maximum energy is radiated by the antenna. Half Power Beamwidth is defined as the 
angular separation, in which the magnitude of the radiation intensity decreases by 50% 
(or 3dB) from the peak of the main beam. The other important beamwidth parameter is 
the First Null Beam Width, it is defined as the angular separation between the first pattern 
nulls adjacent to the main beam. Figure 2.2 shows an example of half power beam and 
first null beam of a 2-D radiation pattern on linear scale. 
 
Figure 2.1. Radiation pattern on spherical system [13]. 
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2.1.3 Gain  
Antenna gain is another useful parameter describing the performance of an 
antenna.  It is defined as “the ratio of the intensity, in a given direction, to the radiation 
intensity that would be obtained if the power accepted by the antenna were radiated 
isotropically. The radiation intensity corresponding to the isotropically radiated power is 
equal to the power accepted by the antenna divided by 4π.” In most case, relative gain is 
used, which is the ratio of the gain of an antenna in a given direction to the gain of a 
reference antenna. Hypothetical lossless isotropic antenna is commonly used as 
reference antenna. Usually this ratio is expressed in decibel scale and use "decibels-
isotropic" (dBi) as unit. Other antennas, whose gain can be easily calculated or it is known, 
also can be used as reference antenna.  When the direction is not stated, antenna gain 
usually refers to the maximum gain of the antenna in free space [12].   
2.1.4 Polarization 
Polarization of an antenna in a given direction is defined in [12] as “the polarization 
of the wave transmitted (radiated) by the antenna.” Polarization of a radiated wave can 
be linear, circular or elliptical. Figure 2.3 shows the examples of linearly polarized, 
 
Figure 2.2. Example of half power beam and first null beam of a radiation pattern on 
linear scale [13]. 
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circularly polarized and elliptically polarized electromagnetic wave propagate in the +z 
direction. Linear and circular polarizations are special cases of elliptical polarization. In 
elliptical polarization, the electric-field vector rotates as a function of time and form a 
polarization ellipse on a fixed plane normal to the direction of propagation as shown in 
Figure 2.4. The electric-field vector rotates either clockwise or counterclockwise, depends 
of the direction of propagation, the electromagnetic wave can be classified as right-hand 
polarized or left-hand polarized. For the example in Figure 2.4, if the electric-field vector 
rotates counterclockwise and the wave is propagating in the +z direction, the wave is 
right-hand polarized. Likewise, if the electric-field vector rotates clockwise and the wave 
is propagating in the +z direction, the wave is left-hand polarized.  
The ratio of the major axis to the minor axis of the polarization ellipse is called axial 
ratio as shown in Figure 2.4. In linear polarization, the axial ratio is equal to ∞, as the 
minor axis of the polarization ellipse is zero. In circular polarization, the axial ratio is equal 
to 1 (or 0 dB), as the major and minor axes of the polarization ellipse are equal. In antenna 
design, it is difficult to achieve perfect circular polarization (or axial ratio equal to 0 dB), 
thus an antenna is usually said to be circularly polarized if the axial ratio is less than 3 dB.   
 
 
Figure 2.3. Examples of linearly polarized, circularly polarized and elliptically polarized 
electromagnetic wave propagate in the +z direction [14]. 
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In antenna design, co-polarization represents the polarization the antenna is 
intended to radiate. Cross-polarization represents the polarization orthogonal to the co-
polarization. Cross polarization level measures the polarization purity of an antenna.  It is 
the ratio of the maximum radiation intensity of the co-polarization and cross-polarizations. 
Polarization of antenna is an important factor in wireless communication. If the 
polarization of the transmitting and receiving antennas is matched, maximum power 
transmission between the two antenna occurs. If the polarization of the transmitting and 
receiving antennas is mismatched, there will be additional losses in power transmission 
between the two antennas or the receiving antenna will not receive any power from the 
transmitting antenna. For example, if the polarization of the transmitting and receiving 
antennas is orthogonal to each other (i.e. vertically polarized to horizontally polarized or 
right hand circularly polarized to left hand circularly polarized), depends on the cross 
polarization level of the antennas, the power received by the receiving antenna can be 20 
dB (or more) lower than the case of both antennas with match polarization.  
 
Figure 2.4. Rotation of electromagnetic wave and its polarization ellipse at z = 0 as a 
function of time [13]. 
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In wireless communication, multipath fading occurs when the direct-path signal is 
interfered by the reflected signals from the environment (such as reflections from building, 
hills, ground, water, etc). Depends on the phase of the signals, the interference can be 
constructive or destructive. Destructive interference can cause the signal to be faded out. 
Circularly polarized antennas can help to mitigate the multipath fading effect, as the 
circularly polarized signal changes its rotating direction when reflected from an object.  In 
modern wireless communication applications, linear polarized antennas are widely used 
due to simplicity and low cost. Circularly polarized antennas are commonly used in 
satellite communications, due to their ability to mitigate the multipath effects and provide 
additional freedom to the orientation angle of the transmitting and receiving antennas.  
2.1.5 Input Impedance 
Input impedance of an antenna is the impedance presented by an antenna at its 
terminals. Input impedance of an antenna is usually a complex number, the real part 
represents the radiation and loss resistance of the antenna and the imaginary part 
represents the reactance of the antenna. In antenna designing, one of the goal is to 
design the antenna with an input impedance match to the characteristic impedance of the 
transmission line it is going to connect to. Most radio frequency (RF) circuits have a 
characteristic impedance of 50 Ω, some like TV cables have characteristic impedance of 
75 Ω. When the input impedance of an antenna is not match with the characteristic 
impedance of the RF circuit, some of the power deliver to the antenna terminal will be 
reflected. The reflection coefficient (Γ 𝑜𝑟 𝑆ଵଵ) is calculated as: 
 Γ =
𝑍஺ − 𝑍଴
𝑍஺ + 𝑍଴
 (2.1) 
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where 𝑍஺ is the input impedance of the antenna and 𝑍଴ is the characteristic impedance of 
the transmission line connecting to the antenna. The magnitude square of the reflection 
coefficient, |Γ|ଶ, represents the ratio of the reflected power to the power incident at the 
antenna terminal. In general, an antenna is said to have good impedance matching if the 
reflection coefficient is less than -10 dB at its operating frequency.  
In antenna design, it is preferred to design an antenna with good impedance 
matching. However, in certain condition, a matching circuit is needed to match the input 
impedance of an antenna to the characteristic impedance of the RF circuit. Especially in 
electrically small antenna design, as electrically small antennas tend to have high 
reactance. In designing a matching circuit, lumped elements (capacitors and inductors) 
and open- and short-circuit stubs are commonly used. 
2.1.6 Bandwidth 
The radiation characteristics of an antenna can change significantly at different 
frequencies. The bandwidth of an antenna is defined as “the range of frequencies within 
which the performance of the antenna, with respect to some characteristic, conforms to 
a specified standard.” The characteristic can be input impedance, gain, polarization, etc. 
For broadband antennas, the bandwidth is usually expressed as the ratio of the upper 
frequency to the lower frequency of acceptable performance. A bandwidth of 2:1 indicates 
the upper frequency is equal to twice of the lower frequency. For narrowband antennas, 
the bandwidth is often expressed in percentage of the ratio of the frequency difference 
(upper frequency minus lower frequency) to the center frequency.  
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2.2 Antenna Array Designs for Directional Networking 
There are wide variety of antennas, depend on the geometry and structure of the 
antennas, their radiation characteristics can be very different from each other. Based on 
the structure and radiation characteristics of the antennas, certain types of antennas are 
more suitable for certain applications. In wireless communication, the most commonly 
used antennas are dipole, monopole, Yagi-Uda and horn antennas, because of their 
design simplicity, favorable radiation characteristics, and easy to fabricate. Figure 2.5 and 
Figure 2.6 illustrate the structure and radiation patterns of an inductively-loaded monopole 
antenna and a horn antenna. As shown in the figure, the monopole antenna has an omni-
directional radiation. Due to its omni-directional coverage, monopole antennas are widely 
used in communication networks support mobile devices, such as Wi-Fi, cellular network 
and radio network. On the other hand, the radiation pattern of horn antennas is highly 
directional. Due to its high directive radiation pattern, horn antennas are widely used as 
a feed element for dish antennas.  
 
  
Figure 2.5. Example of an inductively-loaded monopole antenna and its radiation pattern 
[15]. 
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For directional networking application, the desired requirements of the antenna 
array are low-cost, low-profile, broadband, circularly polarized, high-gain and with beam-
steering capability. The broadband property allows the system to support faster data rate 
and more channels. As the multipath fading effect could significantly affect the accuracy 
of the mobile user tracking schemes [5], the implementation of circularly polarized 
antenna array can help mitigate the multipath fading effect and provide stable signal level 
over long distance. Furthermore, beam-steering capability allows the antenna array to 
steer the main beam direction without physically moving/reorienting the antenna array.  
Circularly polarized antenna arrays have been widely investigated, due to their 
attractive properties, such as lessened multipath fading effect and insensitivity to 
transmitter and receiver orientations. However, majority of the published works on 
circularly polarized antenna array either have less than 30% bandwidth or lack of a 
feeding network to support beam-steering (only focus on the broadside radiation 
characteristics) [17]–[23]. For example, the circularly polarized patch antenna design [21] 
shown in Figure 2.7 has a peak gain of 18 dBic and a 3-dB gain bandwidth of 14.6%. 
However, the antenna array design only focuses on the radiation pattern in the broadside 
 
Figure 2.6. Example of a horn antenna and its radiation pattern [16]. 
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direction and does not support beam-steering. Wideband antennas, such as Vivaldi or 
Spiral antennas, either have large size or require a broadband balun and impedance 
transformer [24]–[27]. Figure 2.8a illustrates a dual-polarized Vivaldi array, which has a 
bandwidth of 9:1 and a thickness of 3.5λc (λc is the free-space wavelength at the center 
frequency). Figure 2.8b shows a circularly polarized spiral antenna connected to a 
wideband balun.  
 
 
 
(a) 
 
(b) 
Figure 2.7. Circularly polarized patch antenna array in [21] only focus on designing the 
antenna array with the main beam in the broadside direction. (a) Top view. (b) Back view.
 
(a) 
 
(b) 
Figure 2.8. (a) A dual-polarized 10×10 Vivaldi array [25]. (b) A spiral antenna with 
wideband balun [26]. 
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Previously, a broadband cylindrical long slot antenna (CLSA) array with dual 
polarization property had been developed by our group [28], [29]. Long slot antenna array 
is relatively low profile compare to other wideband antenna structures and it also had 
been shown that the CLSA array has the capability of beam forming [30]. Thus, a dual-
polarized-antenna array based on the long-slot-array concept was proposed to cover the 
frequency range of 4–6 GHz for directional networking application. For systems that 
require extremely low-profile antenna installation, two dual-fed stacked patch antenna 
arrays were also developed with the compromise of the wide bandwidth while providing 
comparable performance in circularly polarized radiation characteristics as well as 
improvements in beamforming and steering characteristic. The radiation characteristics 
of the arrays were examined and compared in terms of bandwidth, beamwidth, gain, axial 
ratio and beam direction. The operating frequencies of the antenna arrays and feed 
system were specified by the sponsor, Communications-Electronics Research, 
Development and Engineering Center (CERDEC). 
2.2.1 Long Slot Antenna Array 
The long-slot-antenna (LSA) array was originally designed by Raytheon. It is an 
ultra-wideband linearly polarized structure with input impedance ranging from 150 to 337 
Ω [29], [31], [32]. For the LSA array to be broadband, the feeding port distance needs to 
be less than or equal to half of the free-space wavelength at the highest operating 
frequency [32]. Figure 2.9a shows a schematic of a 2-D linearly polarized LSA array. The 
schematic of the LSA array has three slots and the feeding port distance is labeled as dx 
and dy in the schematic. A prototype of the linearly polarized LSA array with ferrite loaded 
ground is shown in Figure 2.9b, which has an operating frequency of 200–2000 MHz.  
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As it may be seen in Figure 2.9, the LSA array is a linearly polarized structure. To 
support dual polarization and circular polarization, additional orthogonal slots are 
proposed between the feeding ports while keeping the feeding port spacing less than or 
equal to half of the free-space wavelength at the highest operating frequency. Due to the 
structure of the LSA array, the radiation pattern is bidirectional. To achieve unidirectional 
radiation, a ground plane is placed a quarter-wave apart from the antenna array. Figure 
2.10 shows a proposed dual-polarized 4×4 LSA array with a ground plane in the back of 
the antenna array, where the vertical slots and horizontal slots are responsible for 
radiating the horizontally polarized and vertically polarized electric fields, respectively. 
The vertical slots and horizontal slots can be excited 90° out of phase to achieve circular 
polarization. 
 
 
(a) 
 
(b) 
Figure 2.9. (a) Schematic of a linearly polarized long slot antenna array [32]. (b)  
Prototype of a long slot antenna array with ferrite loaded ground plane [33]. 
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Since the LSA array has input impedance of 150 to 337 Ω and most wireless 
communication systems have characteristic impedance of 50 Ω, a wideband impedance 
transformer is needed such as the compact microstrip-couple-line-based impedance 
transformer [31] shown in Figure 2.11. However, the impedance transformer is 
complicated and difficult to fabricate. To simplify the feeding structure, parametric studies 
 
(a) 
 
 
 
 
(b) 
Figure 2.10. 4×4 dual polarized LSA array with ground plane. (a) Top view. (b) Isometric 
view. 
 
Figure 2.11. 4×4 dual polarized LSA array fed by 50 Ω to 150 Ω impedance transformers.
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on the patch width (w1) and slot width (w2) were performed with a 3D full-wave 
electromagnetic field simulator (HFSS). In these studies, the patch width and slot width 
were changed while the feeding port spacing (w1 + w2) was kept constant and lumped 
ports were used to excite the LSA array. In antenna design, return loss (S11) is usually 
used to represent the impedance bandwidth of the antenna. For the LSA array, since the 
antenna elements are connected, the mutual coupling can be high. It is not enough to just 
look at individual return loss from each port, thus overall return loss is used to represent 
the overall impedance matching of the antenna. The overall return loss is calculated as: 
 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑅𝑒𝑡𝑢𝑟𝑛 𝐿𝑜𝑠𝑠 = 10log (
𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡𝑃𝑜𝑤𝑒𝑟 − 𝐴𝑐𝑐𝑒𝑝𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟
𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡𝑃𝑜𝑤𝑒𝑟
) (2.1) 
where IncidentPower is the time-averaged power from the source and AcceptedPower is 
the time-averaged power entering a radiation antenna structure. 
Simulations were performed on a 4×4 LSA array for fast simulation speed, as 
larger number of slots require more computing power and simulation time. Figure 2.12 
shows the simulation results of the parametric study. Based on the simulation results, 
larger slot width has broader bandwidth and higher impedance; larger patch width has 
narrower bandwidth and lower impedance. With large patch width, the capacitance 
between the slots increased and resulted in smaller impedance. To retain the bandwidth, 
instead of minimizing the slot width a new LSA design was proposed in which small 
diagonal slots are created on the patches to introduce additional capacitance on the 
patches, which results in decreased input impedance of the LSA array [34]–[36]. Figure 
2.13 shows the 4×4 LSA array with small diagonal slots on the metallic patches. The LSA 
array is fed by 60 Ω lumped ports with small slot width, g, equals to 0.26mm and the patch 
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width and slot width are adjusted to 21.5 mm and 3.5 mm, respectively. The simulated 
overall return loss of the 4×4 LSA array with small diagonal slots is shown in Figure 2.14. 
As shown in Figure 2.14, for the same feeding port impedance, the introduction of the 
small diagonal slots helps to increase the slot width and reduce the patch width and 
results in several dB improvement in overall return loss of the antenna array. The resulting 
overall return loss is less than -7 dB over the 4 to 6 GHz frequency band. Thus, the LSA 
array with small diagonal slots can be fed by transmission lines with characteristic 
impedance of 60 Ω directly. 
 
 
 
Figure 2.12. Simulated overall return loss of the 4×4 LSA array in difference slot width 
and patch width. 
 
Figure 2.13. 4×4 dual polarized LSA array with small diagonal slots on the metallic 
patches. 
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As the impedance value of 60 Ω is very close to 50 Ω, the impedance 
transformation can be easily achieved with a tapered microstrip transmission line instead 
of a complicated impedance transformer. Thus, a tapered microstrip was designed to feed 
the 4×4 dual polarized LSA array. The characteristic impedance of a microstrip can be 
calculated as follow [13]: 
 𝑍௢ =
87
ඥ𝜀௥ + 1.41
ln ൬
5.98ℎ
0.8𝑤 + 𝑡
൰   for ℎ < 0.8𝑤 (2.2)
where 𝜀௥ is the dielectric constant of the dielectric substrate, ℎ is the height of substrate, 
𝑤 is the width of the microstrip center conductor and 𝑡 is the thickness of the microstrip 
center conductor. Thus, for constant values of 𝜀௥, ℎ, and 𝑡, the characteristic impedance 
of a microstrip can be changed by simply varying the width of the center conductor. Figure 
2.15 shows the schematic and simulation results of the tapered microstrip. In the 
microstrip design, Rogers RO4350B material, with dielectric constant of 3.66 and 
thickness of 0.762 mm, was used as the substrate of the microstrip. The tapered 
microstrip transforms 50Ω to 60Ω. As illustrate in Figure 2.15a, the impedance 
 
Figure 2.14. Simulated overall return loss of the 4×4 dual polarized LSA array with small 
diagonal slots on the metallic patches. 
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transformation is performed by tapering the center conductor of the microstrip. The 
ground plane of the microstrip was also tapered to minimize its effect on the radiation 
pattern while feeding the LSA array. The simulated S11 of the tapered microstrip is below 
-20 dB and the S21 is close to 0 dB as shown in Figure 2.15c. 
 
Figure 2.16 shows the 4×4 dual polarized LSA array fed by the tapered microstrips. 
As shown in Figure 2.16, the horizontal and vertical slots were fed by tapered microstrips 
from the back of the antenna array. In feeding the slots, the center conductors of the 
microstrips were connected to the metallic patches on one side of the slot, while the 
ground planes of the microstrips were connected to the metallic patches on the other side 
of the slot. A FR4 substrate with thickness of 0.4 mm and dielectric constant of 4.4 was 
added to the array design to support the metallic patches so that the metallic patches can 
be fabricated on the FR4 substrate. Due to the introduction of the FR4 substrate, which it 
affects the electrical length of the antenna array, the dimensions of the antenna array 
were adjusted. The patch width (w1), slot width (w2) and the diagonal slot width (g) were 
adjusted to 20 mm, 4 mm and 0.5 mm, respectively. Thus, the feeding port spacing is 
 
(a) 
 
(c) 
 
(b) 
Figure 2.15. Tapered microstrip, 50 Ω to 60 Ω (a) Isometric view. (b) Bottom view. (c) 
Simulation results. 
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equal to 0.48λ at 6 GHz (highest frequency), where λ is the free-space wavelength. The 
spacing between the antenna array and the ground plane was also adjusted to 12 mm, 
which equals to 0.2λ at 5 GHz (center frequency).  
The simulated results of the 4×4 dual polarized LSA array fed by tapered 
microstrips is shown in Figure 2.17. The simulated overall return loss is below -7 dB 
across the 4–6 GHz frequency band. Figure 2.17(b) shows the S11 of each microstrip 
feeds on the smith chart. As shown in the figure, the S11 curves circle around the center 
of the Smith Chart, which it shows that the tapered microstrips have reasonable good 
impedance matching to the input impedance of the antenna slots. 
 
 
 
Figure 2.16. 4×4 dual polarized LSA array with small diagonal slots and microstrip feeds.
 
(a) 
 
(b) 
Figure 2.17. Simulated results of the 4×4 dual polarized LSA array fed by tapered 
microstrips. (a) Overall return loss. (b) S11 of microstrip feeds on a Smith Chart. 
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Based on the dimension parameters of the LSA array design in Figure 2.16, a 4×8 
dual polarized LSA array with the microstrip feeds was modeled and simulated. In the 
simulation some of the microstrip feeds on the edge of the antenna array were terminated 
with 50 Ω loads as shown in Figure 2.18. The terminated feeds are the extra feeds when 
pairing the horizontal slot and vertical slot feeds to form circularly polarized subarrays, 
which will be discussed in the next paragraph. To support right hand circular polarization 
(RHCP), the microstrip feeds on the horizontal slots were excited with 90° phase delay 
relative to the microstrip feeds on the vertical slots. Figure 2.19 and Figure 2.20 show the 
simulated radiation characteristics of the 4×8 LSA array in the broadside direction. The 
simulated overall return loss is below -7 dB across the 4–6 GHz frequency band. Stable 
RHCP realized gain is obtained from the simulation, where the simulated gain ranges 
from 16.5 to 19 dBic. A decent axial ratio is obtained in the broadside direction, which is 
below 1 dB across the frequency band of interest.  
 
                 
Figure 2.18. 4×8 dual polarized LSA array with small diagonal slots and microstrip feeds.
 
29 
 
 
 
As the antenna array only needs to perform beam-steering in the azimuth plane, 
an intermediate feeding network was designed to combine the antenna feeds, thus to 
reduce the number of feeds and form eight RHCP subarrays. For each subarray, a 4-way 
Wilkinson power divider [37] was used to combine the horizontal slot microstrip feeds to 
form a vertically polarized subarray and another 4-way Wilkinson power divider was used 
to combine the vertical slot microstrip feeds to form a horizontally polarized subarray. The 
vertically polarized subarray and the horizontally polarized subarray were paired up and 
 
Figure 2.19. Simulated overall return loss and RHCP realized gain of the 4×8 dual 
polarized LSA array. 
 
Figure 2.20. Simulated axial ratio of the 4×8 dual polarized LSA array. 
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fed by a three-stage broadband 90° hybrid coupler which provides stable 90° phase offset 
over the 4–6 GHz band for the vertically polarized and horizontally polarized subarrays to 
form a broadband RHCP subarray as shown in Figure 2.21. As a result, eight RHCP 
subarrays were formed. The extra feeds were terminated with 50 Ω loads to mitigate their 
effects on the radiation characteristics of the antenna array, as indicated in Figure 2.21a. 
If the extra feeds were left open, it would slightly affect the beam direction and the axial 
ratio of the antenna array. Figure 2.21c shows the isometric view of the 4×8 LSA array 
fed by the intermediate feeding network. Coaxial cables were used in the connections 
              
(a) 
 
(b) 
Figure 2.21. Schematic of the 4×8 LSA array with feed network: (a) Front view. (b) 
Isometric view. 
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between the microstrips and the power dividers, and the connections between the power 
dividers and the 90° hybrid couplers. The microstrips, power dividers and the 90° hybrid 
couplers were designed on Rogers RO4350B substrate which has dielectric constant of 
3.66 and thickness of 0.762 mm. The detail design method about the broadband 90° 
hybrid coupler design will be cover in Chapter 3.  
The simulated results of the overall return loss, RHCP realized gain, axial ratio and 
the mutual coupling between the RHCP subarrays of the 4×8 LSA array with the 
intermedia feed network are shown in Figure 2.22, 2.23 and 2.24. The simulated overall 
return loss is below -10 dB across the 4–6 GHz band. The improvement in the overall 
return loss is due to the 90° hybrid coupler which reflected energy from the output ports 
of the coupler is transmitted to the isolation port [38]. The RHCP gain is slightly decreased, 
which it ranges from 15.5 to 19 dBic. The decrease in gain is due to the insertion loss 
from the feed network. The simulated mutual coupling between the RHCP subarrays is 
below -13 dB. The axial ratios of the LSA array is increased slightly, however, it is below 
 
Figure 2.22. Simulated overall return loss, subarray coupling and RHCP realized gain of 
the 4×8 LSA array with feed network. 
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1.6 dB across the frequency band of interest. The simulated RHCP and the cross-
polarization radiation patterns in x-z and y-z planes at different frequencies are shown in 
Figure 2.24. In the x-z plane, the 3-dB beamwidth ranges from 19° to 13° from 4 to 6 GHz. 
In the y-z plane, the 3-dB beamwidth ranges from 34° to 26°. The side lobe level of the 
radiation patterns is less than -13 dB. The cross-polarization level is more than 20 dB in 
the broadside direction. 
 
 
 
Figure 2.23. Simulated axial ratio of the 4×8 LSA array with feed network. 
 
Figure 2.24. Simulated radiation pattern of the 4×8 LSA array with feed network in x-z
plane and y-z plane. 
33 
 
2.2.2 Patch Antenna 
Patch antenna is a low-profile antenna since its thickness can be less than tenth 
of a wavelength at the frequency of operation. For systems require extremely low-profile 
antenna installation, patch antenna is a suitable option, thus, antenna arrays based on 
patch antenna are also explored in this dissertation. The bandwidth of patch antenna is 
relatively narrow: a single layer patch antenna typically has a bandwidth around 5% [39]. 
However, several methods have been developed to widen the bandwidth of patch 
antenna, such as multiple stacked patches, increased substrate thickness, and use of U-
slot on the patch [39].  
For a single layer linear polarized patch antenna, the length of the metallic patch 
is around half wavelength at the resonant frequency. Standing wave is generated on the 
patch when the patch is excited with RF signal. The standing wave on the patch creates 
strong electric field on the edges (equivalent slots) of the patch as shown in Figure 2.25.  
Since the size of the patch is close to half wavelength, the direction of electric field on the 
edges of the patch are the same, this allows the electric fields to have constructive 
interference and radiate from the patch in the normal direction. 
 
 
Figure 2.25. Linearly polarized patch antenna [39]. 
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The resonant frequency of a patch antenna is highly depending on the size of the 
patch and the thickness of the antenna, it can be calculated as [39]:  
 𝑓 =
𝑐
2(𝐿 + ℎ)ඥ𝜀௘
 (2.3) 
where 
 𝜀௘ =
(𝜀௥ + 1)
2
+
𝜀௥ − 1
2
൬1 +
12ℎ
𝑤
൰
ିଵଶ
 (2.4) 
𝑓 is the resonant frequency, 𝑐 is the speed of light, 𝐿 is the length of the patch, ℎ is the 
thickness of the substrate, 𝜀௥ is the relative dielectric constant of the substrate, and 𝑤 is 
the patch width. The input impedance of a patch antenna is determined by the feed 
position. As shown in Figure 2.26, the magnitude of the voltage distribution on the patch 
has the highest value at the edges of the patch and equals to zero at the center of the
 
 
(a) 
 
(b) 
 
(c) 
Figure 2.26. (a) Schematic of a linearly polarized antenna fed by microstrip line. (b) 
Normalized voltage and current distribution on the patch. (c) Normalized input impedance 
of the patch antenna [13]. 
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patch while the current distribution has its minimum value at the edges of the patch and 
reaches its maximum at the center of the patch. Thus, the input impedance of a patch 
antenna varies along the patch, it is maximum at the edge of the patch and it decrease 
as the feed position move toward the center of the patch as shown in Figure 2.26c.  
There are several different methods can be used to feed a patch antenna. The 
commonly used methods are direct microstrip feed, probe feed, aperture-coupled feed 
and proximity-coupled feed as illustrated in Figure 2.27. Probe feed and aperture-coupled 
feed allow a feeding network to be built on the other side of the ground plane, which 
provide more design area and the feeding network will have less effect on the radiation 
pattern compare to the other two feed methods. For the antenna array design for 
directional networking application, probe feed was used as aperture-coupled feed tend to 
have high back lobe in the radiation pattern. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 2.27. Typical feeding methods for patch antenna: (a) Microstrip feed. (b) Probe 
feed. (c) Aperture-coupled feed. (d) Proximity-coupled feed [13]. 
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2.2.2.1 Dual-fed Stacked Patch Antenna Array 
For the patch antenna design, a narrower bandwidth was anticipated. Hence, the 
design operating frequency of the patch antenna was limited to 4.5–5 GHz. To fulfill the 
bandwidth requirement, dual-fed square-patch antenna was chosen, as dual-fed is known 
to provide improved axial ratio values over a broader bandwidth compared with single fed 
patch antenna (typical axial ratio bandwidth of a single fed patch antenna is less than 4%  
[40]–[44]). The single-element patch antenna design is shown in Figure 2.28. The 
antenna consists of three layers: parasitic patch layer, driven patch layer and feeding 
network layer. The square driven patch was fed by two probes from the back of the 
antenna to support dual polarization. The two feeding probes were fed by a 90° hybrid 
coupler to achieve right hand circular polarization. The 90° hybrid coupler was printed on 
the feeding network layer and the isolated port of the 90° hybrid coupler was terminated 
with a 50 Ω chip resistor. A square parasitic patch was added on top of the antenna to 
broaden the return loss bandwidth of the antenna [39]. The substrate used on the parasitic 
and driven patch layers was Rogers RO4003 which has a relative permittivity of 3.55 and 
thickness of 1.523 mm. The substrate used on the feeding network layer was Rogers 
RO4350 which has a relative permittivity of 3.66 and thickness of 0.762 mm. As a result, 
the total thickness of the antenna was 3.8 mm which is 0.06λ at 4.75 GHz.  
The antenna was simulated in HFSS, whereby the dimensions of patch width w1, 
w2 and the feeding probe position d1 and d2 were tuned and determined to be 14.68 mm, 
14.7 mm, 0.28 mm and 1.64 mm, respectively. The design property of the 90° hybrid 
coupler also helps to improve the return loss bandwidth of the patch antenna, which 
facilitates transmitting most of the reflected energy from the output port to the isolated 
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port of the hybrid coupler. To clarify the intrinsic bandwidth limitation of the stacked patch 
antenna, a single element of this antenna was also simulated without the 90° hybrid 
coupler. Figure 2.29 and Figure 2.30 illustrate the simulation results of the single element 
patch antenna. In the frequency band of interest, the return loss is below -10 dB in both 
with and without the 90° hybrid coupler cases, and therefore stable RHCP realized gain 
around 6.4 dB with axial ratio below 1.9 dB is observed in this frequency band. 
  
 
 
Figure 2.28. Dual-fed stacked patch antenna single element schematic. 
 
Figure 2.29. Simulated return loss and realized RHCP gain of the dual fed stacked patch 
antenna. 
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A 4×8 patch antenna array was developed based on the single-element patch 
antenna in Figure 2.28, where the spacing between the antenna array elements was 
0.66λ (at the center frequency of 4.75 GHz). To further improve the axial ratio of the 
antenna array, sequential rotation technique [21] was applied, whereby 2×2 antenna 
elements formed a square subarray and the elements were sequentially rotated 90° 
counterclockwise with respect to each other, as shown in Figure 2.31(a). As for feeding 
the antenna elements, these elements were combined vertically by a branch-line-based 
feeding network such that the feeding network form eight subarrays. The branch-line-
based feeding network was designed on the same layer as the hybrid coupler and 
integrated with the antenna array, as shown in Figure 2.31(b). Thus, the overall size of 
the antenna array is 355 mm × 189 mm × 3.8 mm including the branched-line-based 
feeding network.  
Figure 2.32 shows the schematic of the branched-line-based feeding network and 
its simulation results. In the feeding network design, quarter-wavelength impedance 
transformers [37] were used to match the impedance at the T-junctions of the feeding 
 
Figure 2.30. Simulated axial ratio of the dual fed stacked patch antenna. 
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network.  The impedance at the T-junction of the feeding network is 25 Ω as the two 50 
Ω branches are parallel to each other. Hence, the impedance transformer transforms 50 
Ω to 25 Ω and its characteristic impedance was calculated to be 35 Ω. As the antenna 
polarization was RHCP and the elements were rotated counterclockwise, the rotation 
would cause a phase lead in the antenna element. To compensate for the rotation of the 
antenna element, the corresponding phase delays were added to the feeding network 
based on the angle of rotation, so that the directions of the E-field are synchronized in 
each element. Figure 2.32(b) illustrate the simulated return loss and transmission 
coefficient of the feeding network, which the return loss at ports 1 and 2 are less than -18 
dB and the transmission coefficient of the branches are around -6.5 dB (-6 dB is the ideal 
 
(a) 
 
(b) 
Figure 2.31. 4×8 dual-fed stacked-patch antenna array with sequential rotation. (a) Front 
view. (b) Back view. 
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value for a lossless two stage branch line feed network).  Figure 2.32c shows the 
simulated phase difference in between the branch lines, and they are designed to be -
90°, -180° and -270° to compensate the rotation of the antenna elements.  
The 4×8 stacked patch antenna array with the feeding network were simulated in 
HFSS. Figure 2.33 shows the return loss and realized RHCP gain of the antenna array. 
The simulated return loss is less than -15 dB from 4.5 to 5 GHz. The simulated realized 
RHCP gain ranges from 19.8 to 21.5 dBic which is several dB higher than the 4×8 LSA 
array. The simulated axial ratio is below 0.5 dB as shown in Figure 2.34. The simulated 
radiation patterns of the patch antenna array in x-z and y-z planes are shown in Figure 
2.35. In the x-z plane, the 3-dB beamwidth ranges from 10° to 9° from 4.5 to 5 GHz. In 
the y-z plane, the 3-dB beamwidth ranges from 20° to 18°. The side lobe level of the 
 
(a) 
 
(b) 
 
(c) 
Figure 2.32. (a) Schematic of the branched-line-based feeding network. (b) Simulated 
return loss and insertion loss. (c) Simulated phase difference in between the paths. 
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radiation patterns is less than -13 dB and the cross-polarization level is more than 25 dB 
in the broadside direction. 
 
 
 
Figure 2.33. Simulated return loss and realized RHCP gain of the 4×8 stacked patch 
antenna array. 
 
Figure 2.34. Simulated axial ratio of the 4×8 stacked patch antenna array. 
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2.2.2.2 Dual-fed Stacked Patch Antenna Array with Air Gap and Annular Gaps 
To further improve the gain of the stacked patch antenna array, a modified version 
of the antenna array was also designed [45]. In designing patch antenna, substrates with 
high relative permittivity can lower the gain and reduce the bandwidth of a patch antenna 
[46]. Several methods have been introduced to improve the gain of patch antennas, such 
as perforation of the surrounding substrate of the patch antenna to lower the surrounding 
effective relative permittivity, implementation of electromagnetic band-gap structure on 
the surrounding to block the propagation of the surface wave, and either use of substrate 
material with low relative permittivity or suspending the metallic patch over air [46]–[49].  
In the modified design, a substrate with quite low relative permittivity was used and 
air gaps between the substrate and the ground plane were introduced to lower the 
effective relative permittivity. Figure 2.36a shows the initial design of the stacked patch 
antenna element which was similar to the patch antenna in Figure 2.28, except that air 
gaps were introduced between the substrate and the ground plane. The substrate used 
in this antenna design is Rogers RO4725JXR. It has a relative permittivity of 2.64 and 
 
Figure 2.35. Simulated radiation pattern of the 4×8 stacked patch antenna array in x-z 
plane and y-z plane. 
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thickness of 0.78 mm.  The square parasitic patch size (w1) and the square driven patch 
size (w2) were 21.3 mm and 20 mm, respectively. The distance, h1, between the parasitic 
patch and the driven patch was 2 mm and the distance, h2, between the driven patch and 
the ground plane was 3 mm. The simulated return loss of the antenna is plotted on a 
smith chart in Figure 2.37. Due to the extra height from the air gap, extra inductance is 
introduced on the feeding probe; hence, the return loss curve is on the upper part of the 
smith chart, which means the input impedance of the antenna is not matched to the 50 Ω 
excitation ports. Thus, the dimensions of the patches were decided such that the return 
loss curve of the antenna lies on the matching circle of the smith chart so that the 
impedance of the antenna can be matched easily by introducing capacitance to the circuit.   
To compensate for the inductance caused by the long feeding probe, capacitive 
annular gaps [45], [50] were introduced on the driver patch for each feeding probe where 
the center of the annular gaps were laid over the center of the feeding probes, as shown 
in Figure 2.36b. The capacitance of the annular gap depends on the gap width g and the 
inner radius r. To ensure the coupling between the feeding probe and the driver patch, 
the gap width was designed to be small and was equal to 0.2 mm. Thus, to change the 
 
(a) 
 
(b) 
Figure 2.36. (a) Dual-fed stacked patch antenna design with air gap. (b). Dual-fed 
stacked patch antenna design with air gap and annular gaps. 
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capacitance of the annular gap, the inner radius of the annular gap needs to be changed 
so that it could generate the right capacitance and shift the return-loss curve to the center 
of the smith chart, as shown in Figure 2.37. The return-loss curve in the figure shifted 
toward the capacitance side of the smith chart and the feeding probe experienced more 
negative reactance for smaller r. This is because less capacitance is induced for smaller 
r and the capacitive reactance is inversely proportional to the capacitance, in which the 
impedance of a capacitor can be express as: 
 𝑍 =
1
𝑗𝑤𝑐
 (2.5) 
where 𝑤 is the angular frequency, 𝑐 is the capacitance of the capacitor, and 𝑗ଶ = −1. The 
return-loss curve shifted to the center of the smith chart when r = 3 mm. Thus, the annular 
gap produces right amount of capacitance to compensate the extra inductance when r = 
3 mm. Figure 2.38 and Figure 2.39 illustrate the simulation results of the antenna with r = 
3 mm. The -10 dB impedance bandwidth is about 16.7% from 4.4 to 5.2 GHz. Within this 
frequency band, the antenna gain on the broadside is slightly above 8 dBic (which is 
 
Figure 2.37. Return loss as a function inner annular gap radius on a smith chart. 
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about 2 dB higher than of the stacked patch antenna in Figure 2.28) and the axial ratio is 
below 2.2 dB. 
     
 
Table 2.1 shows the comparison of the stacked patch antenna design with annular 
gaps and the other state-of-the-art circularly polarized patch antenna designs. The 
antenna designs in [41] and [42] have similar gain as the proposed patch antenna design, 
however, they have much narrower bandwidth. For antenna designs which have similar 
 
Figure 2.38. Simulated return loss and realized gain of the stacked patch antenna design 
with air gap and annular gaps.  
 
Figure 2.39. Simulated axial ratio of the stacked patch antenna design with air gap and 
annular gaps.  
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bandwidth and gain as the proposed antenna, their size and thickness are usually larger 
[44], [52], [53], such as the antenna design in [53], its thickness is about twice the 
thickness of the proposed antenna. For patch antenna designs that have wider bandwidth, 
they are either have low gain [54]–[56] or have large antenna size that is not suitable for 
antenna array applications [57], [58]. The antenna designs in [57] and [58] have the 
parasitic patches placed around the driven patch to improve the bandwidth of the antenna, 
however, this greatly increase the size of the antenna and is not suitable for antenna array 
implementations. Overall, the proposed stacked patch antenna has reasonable wide 
bandwidth, high gain and compact in size compare to other published works on circularly 
polarized patch antenna. 
 
Table 2.1. Comparison table of the stacked patch antenna design with annular gaps 
and other published patch antenna designs. 
Antenna Bandwidth (%) 
Gain 
(dBic) Dimension 
Stacked patch antenna 
design with annular gaps [45] 16.7 8.3 0.72λc×0.72λc×0.08λc 
[41] 4.6 8 0.64λc×0.64λc×0.055λc 
[42] 4 8 0.79λc×0.79λc×0.108λc 
[44] 16.4 8.3 0.74λc×0.74λc×0.104λc 
[51] 13.5 8.6 0.75λc×0.75λc×0.11λc 
[52] 16 9.2 0.95λc×0.95λc×0.2λc 
[53] 16 8 0.6λc×0.6λc×0.153λc 
[54] 20 4.5 0.33λc×0.33λc×0.068λc 
[55] 27.5 6.2 0.77λc×0.7λc×0.132λc 
[56] 20.4 7.6 1.18λc×1.18λc×0.096λc 
[57] 20.7 8 0.8λc×0.8λc×0.09λc 
[58] 24 8 0.98λc×0.98λc×0.13λc 
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An 8×8 antenna array based on the stacked patch antenna with air gap and 
annular gaps described above was designed and simulated. The element spacing of the 
antenna array is the same as the 4×8 stacked patch antenna array in Figure 2.31, which 
is 0.66λ at 4.75 GHz. Sequential rotation technique [21] was also implemented in the 
antenna array design to improve the axial ratio. A branch-line-based feeding network 
similar to the one for the 4×8 stacked patch antenna was designed and used to combine 
the antenna elements vertically to form eight subarrays. The schematic of the 8×8 stacked 
patch antenna array with branch line feeding network is shown in Figure 2.40. Examples 
of rotation angle of the antenna elements are also indicated in Figure 2.40a for sequential 
rotation implementation. Overall, the 8×8 antenna array has a size of 361 mm × 361 mm 
× 5.762 mm including the branched-line-based feeding network.  
 
 The simulated return loss and realized RHCP gain of the 8×8 antenna array are 
shown in Figure 2.41. The simulated return loss is less than -14 dB from 4.4 to 5.2 GHz. 
 
(a) 
 
(b) 
Figure 2.40. Schematic of the 8×8 stacked patch antenna array with air gap and annular 
gaps: (a) Front view. (b) Back view.  
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The simulated realized RHCP gain ranges from 23.5 to 25 dBic. The simulated axial ratio 
is below 2.3 dB as shown in Figure 2.42. The simulated radiation patterns of the patch 
antenna array in x-z and y-z planes are shown in Figure 2.35. The radiation patterns in 
both planes have the 3-dB beamwidth ranges from 10° to 9° from 4.4 to 5.2 GHz with side 
lobe level less than -13 dB. The cross-polarization level of the radiation pattern is more 
than 25 dB. In comparison to the 4×8 stacked patch antenna array, the 8×8 stack patch 
antenna with air gap has about 4 to 5 dB increase in gain, which 3 dB is from doubling of 
the antenna size and 2 dB is from the gain improvement in the antenna element. The total 
thickness of the 8×8 stacked-patch-antenna array is 5.8 mm, which also includes the 
feeding network. This is 2mm thicker than the 4×8 stacked patch antenna array. 
 
 
Figure 2.41. Simulated return loss and realized gain of the 8×8 stacked patch antenna 
design with air gap and annular gaps. 
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In summary, three RHCP antenna arrays have been designed and simulated in 
this chapter. The simulated radiation characteristics of the antenna arrays in the 
broadside direction are summarized in Table 2.2 including operating frequencies, gain, 
axial ratio, 3-dB beamwidth, cross-polarization level and dimensions of the antenna 
arrays without the feeding network. In comparison to the LSA array, the patch-antenna 
arrays have lower profile and higher gain but narrower operating bandwidth. Excluding 
the feed network, the 4×8 and the 8×8 stacked-patch-antenna arrays have thickness of 
0.048λc and 0.08λc, respectively. In comparison, the thickness of the LSA array is 0.2λc.  
 
Figure 2.42. Simulated axial ratio of the 8×8 stacked patch antenna design with air gap 
and annular gaps. 
 
Figure 2.43. Simulated radiation pattern of the 8×8 stacked patch antenna array with air 
gap and annular gaps in x-z plane and y-z plane. 
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The LSA array has intrinsically wide bandwidth. The measured return loss of the LSA 
array covered 4–6 GHz for return loss < -10 dB, while the patch antenna array covered 
4.4–5.2 GHz. However, to achieve wideband property, the spacing between adjacent 
feeding ports of the LSA array needs to be less than or equal to half the wavelength 
corresponding to the highest operating frequency. This design requirement leads to a 
smaller antenna aperture and wider beamwidth, as well as it limits the gain of the antenna 
array. The antenna arrays have comparable circular polarization characteristics (i.e. axial 
ratio and cross-polarization level) over their operating frequency bands. 
Table 2.2. Comparison table of the simulated radiation characteristics of the three 
antenna arrays in the broadside direction. 
 4×8 LSA array 4×8 stacked patch antenna array 
8×8 stacked patch 
antenna array 
Frequency (GHz) 4–6 4.5–5 4.4–5.2 
Bandwidth 40% 10.5% 16.7% 
Gain (dBic) 15.5–19 19.8–21.5 23.5–25 
Axial ratio (dB) <1.6 <0.5 <2.3 
3-dB beamwidth (x-z 
plane) 19°–13° 10°– 9° 10°– 9° 
Cross-polarization 
level (dB) >20 >25 >25 
Dimensions (mm3) 252×156×12 355×189×3 361×361×5 
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CHAPTER 3                                      
BEAMFORMING AND FEED NETOWRKS 
Antenna array beam-steering can be achieved mechanically or electrically. In 
mechanical beam-steering, a positioner is needed to physically move and rotate the 
directional antenna or antenna array, which is slow and susceptible to mechanical failure. 
In electrical beam steering, the phase of the signal going into to each antenna element is 
modified so that constructive interference of the electromagnetic field occurs in the 
desired direction. The phase of the signal can be modified in a digital or analog manner. 
In digital beamforming, the signals are processed digitally; there are more freedoms in 
controlling the phase and amplitude of the signal, which results in higher accuracy, lower 
side lobe level and support additional features such as calculation of angle of arrival. 
However, the computation power requirement and cost of the system are high. In analog 
beamforming, the signal phase is modified by electrically controlled phase shifters or a 
passive RF circuit with RF switches such as Rotman Lens, Butler matrix or Blass matrix. 
In this chapter both analog and digital beamforming are covered. 
3.1 Array Factor 
The far radiation field of an antenna array is the sum of the far radiation fields from 
each antenna element in the array and can be estimated using the following equation: 
 𝐸(ఏ,థ)்௢௧௔௟ = 𝐸(ఏ,థ) ∗ 𝐴𝐹 (3.1) 
where 𝐸(ఏ,థ) is the far electric field radiated from the single antenna element and 𝐴𝐹 is 
the array factor of the antenna array. Hence by knowing the signal element’s radiation 
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pattern and the array factor of the antenna array, the radiation pattern of the antenna 
array can be estimated mathematically. The array factor of an antenna array depends on 
the antenna element spacing and the magnitude and phase of signal going into each 
antenna element, thus, the radiation pattern of an antenna array can be changed by 
changing any of these parameters. Consider an N-element linear array as shown in 
Figure 3.1. Assume the separation distance between the elements are the same and 
equals to 𝑑, and the amplitude of the signals going into the antenna elements are the 
same with progressive constant signal phase difference between the adjacent elements. 
The far field pattern of the antenna array in the x-z plane can be expressed as [59]: 
 𝐸(ఏ)்௢௧௔௟ = 𝐸(ఏ) ∗ 𝐴𝐹 (3.2) 
where 
 
𝐴𝐹 = ൫1 + 𝑒ି௝ఉ೚(௥మି௥భ)𝑒ି௝ట + 𝑒ି௝ఉ೚(௥యି௥భ)𝑒ି௝ଶట + ⋯ + 𝑒ି௝ఉ೚(௥ಿି௥భ)𝑒ି௝(ேିଵ)ట ൯ 
= (1 + 𝑒௝(ఉ೚ௗ ௖௢௦(థ)ିట) + 𝑒௝ଶ(ఉ೚ௗ ௖௢௦(థ)ିట) + ⋯ + 𝑒௝(ேିଵ)(ఉ೚ௗ ௖௢௦(థ)ିట) ) 
(3.3) 
𝛽௢ is the propagation constant, 𝑑 is the element spacing, 𝑟௡ is the distance to the far field 
observation point and 𝜓 is the progressive constant signal phase difference between the 
adjacent elements.  
 
 
Figure 3.1. Schematic representation of N element array.   
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3.2 Analog Beamforming 
In analog beamforming, electrically controlled phase shifters or a passive RF circuit 
with RF switches such as Rotman Lens, Butler matrix or Blass matrix are commonly used 
to modified the signal phase in each feed line [60]–[62]. Other approaches, such as 
reflectarray and transmitarray, also have been proposed [63], [64]. Electrically controlled 
phase shifters are generally costly and have high insertion loss. Rotman Lens generally 
has large electrical size and Blass matrix tend to have high insertion loss. Overall, it is 
believed that Butler matrix is the most simple and cost-effective approach. In this section, 
a new compact single substrate layer 8×8 Butler matrix beam-switching feed network was 
developed for the directional networking system [65]. 
3.2.1 Butler Matrix 
 The schematic of an 8×8 Butler matrix beam-switching feed network is shown in 
Figure 3.2. It consists of 22.5°, 67.5°, and 45° phase shifters, 90° hybrid coupler and 
crossover. Overall, the design includes twelve hybrid couplers, eight phase shifters and 
sixteen crossover junctions. Based on the schematic, the theoretical phase increment of 
the output ports for each input port of the 8×8 Butler matrix beam-switching feed network 
was calculated, as shown in Table 3.1. The phase increment in the output ports of the 
Butler matrix ranges from -157.5° to 157.5°, which results in steering angle of -60° to 60° 
for antenna array with element spacing of half wavelength. In realizing the 8×8 Butler 
matrix schematic in Figure 3.2, a microstrip-based Butler matrix feed network with new 
compact crossovers was designed on a Rogers RO4350B substrate which has relative 
permittivity of 3.66 and thickness of 0.762 mm. The components of the Butler matrix 
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beam-switching feed network were designed separately and described in the following 
contents. 
 
Table 3.1. Linear Phase Increment of the Output Ports for Each Input Port of the Butler 
Matrix Beam-Switching Feed Network. 
Input Port 1 2 3 4 5 6 7 8 
Phase increment 
in output ports -22.5° 157.5° -112.5° 67.5° -67.5° 112.5° -157.5° 22.5° 
 
3.2.1.1 90° hybrid coupler 
A 90° hybrid coupler equally splits the power of the input signal in the output ports 
with the phase of the output signals having a 90° phase difference between them.  Figure 
3.3 shows the schematic of a 90° hybrid coupler, where 𝑍଴ is the characteristic impedance 
of the transmission lines. The branch-lines are a quarter of a wavelength long and the 
impedance of the horizontal branch-lines is ଵ
√ଶ
 times of the characteristic impedance of 
 
Figure 3.2. Schematic of 8x8 Butler matrix beam-switching feed network.  
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the other transmission lines consisting the 90° hybrid coupler. In ideal case (perfect match 
and lossless), the S matrix of the 90° hybrid coupler can be express as follow: 
 𝑆 = −
1
√2
൦
0 𝑗 1 0
𝑗 0 0 1
1 0 0 𝑗
0 1 𝑗 0
൪ (3.4) 
where the reflection coefficient of the input and output ports equal to 0, 𝑆ଶଵ (see port label 
in Figure 3.3) equals to − ௝
√ଶ
 (half-power, -90° phase shift from port 1 to 2), and 𝑆ଷଵ equals 
to − ଵ
√ଶ
 (half-power, -180° phase shift from port 1 to 3). Detailed derivation of the S matrix 
can be found in [37]. As shown in Figure 3.3, the 90° hybrid coupler is symmetry, any of 
the ports can be an input port. The 90° hybrid coupler is also frequency dependent, as 
the length of the branch-lines are equal to a quarter of a wavelength, the bandwidth of 
the coupler is limited to 10%–20%. 
 
The bandwidth of a 90° hybrid coupler can be increased by cascading the branch 
line sections [66]. Figure 3.4a shows the three-stage 90° hybrid coupler[66] which was 
designed to cover the 4–6 GHz frequency band. As shown in the figure, the microstrip 
line of the hybrid coupler was meandered to minimize the size of the hybrid coupler. For 
 
Figure 3.3. Schematic of a 90° hybrid coupler [37]. 
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fast modeling and tuning, the 90° hybrid coupler[66] schematic was drawn in Keysight’s 
ADS software using microstrip transmission line components as shown in Figure 3.4b. 
The ADS schematic was then converted to a circuit layout and simulated in HFSS for full-
wave simulation as shown in Figure 3.4a. The width of the meandered branch lines and 
the vertical branch lines were adjusted to 1.77 mm and 0.195 mm respectively, which 
correspond to characteristic impedance of 47.8 Ω and 122.7 Ω.  
 
The simulated and measured results of the 90° hybrid coupler are shown in Figure 
3.5. The measured results agree well with the simulated results. The simulated and 
measured return losses are less than -14 dB from 4 to 6 GHz. The transmission 
coefficients range from -3 to -4 dB, thus, the insertion loss of the circuit is less than 1 dB. 
The simulated and measured phase difference between the output ports of the 90° hybrid 
coupler are shown in Figure 3.5d, which are within the range of 90°±5° throughout the 
frequencies of interest. 
 
(a) 
 
(b) 
Figure 3.4. (a) Schematic of the 90° hybrid coupler. (b) ADS schematic of the 90° 
hybrid coupler. 
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3.2.1.2 Crossover 
The traditional way of implementing a crossover junction is to connect two 90° 
hybrid couplers in series [62]. However, the hybrid-coupler-based crossover dramatically 
increases the size of the Butler matrix as it requires 16 crossover junctions. To reduce 
the size of the Butler matrix, the conductor-backed coplanar waveguide crossover [67] 
was chosen to implement in the Butler matrix design due to its broadband characteristic 
and compact size. Figure 3.6 shows the original coplanar waveguide crossover design in 
[67]. The crossover consists of two orthogonal coplanar waveguides on top and bottom 
layers of the substrate, the coplanar waveguide ground planes on the top layer are 
grounded to the ground plane on the bottom layer through via holes. The center conductor 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3.5(a) Fabricated 90° hybrid coupler. (b) Simulated and measured return loss. (c) 
Simulated and measured insertion loss. (d) Simulated and measured results of phase 
difference in the output ports of the hybrid coupler. 
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of the coplanar waveguide on the top layer connects to 50-Ω microstrip lines directly and 
the center conductor of the coplanar waveguide on the bottom layer connects to 50-Ω 
microstrip lines on the top layer through via holes, which allows two microstrip RF paths 
crossing each other by using two orthogonal coplanar waveguides on top and bottom 
layers of the substrate.  
 
The characteristic impedance of a conductor-backed coplanar waveguide can be 
calculated from the equations below [68]: 
 𝑍଴ =
60𝜋
ඥ𝜀௘௙௙
∗
1
𝐾(𝑘)
𝐾(𝑘ᇱ) +
𝐾(𝑘𝑙)
𝐾(𝑘𝑙ᇱ)
 (3.5) 
 𝑘 =
𝑤
𝑤 + 2𝑠
 (3.6) 
 𝑘ᇱ = ඥ1 − 𝑘ଶ (3.7) 
 𝑘𝑙ᇱ = ඥ1 − 𝑘𝑙ଶ (3.8) 
 𝑘𝑙 =
𝑡𝑎𝑛ℎ (𝜋𝑤4ℎ )
𝑡𝑎𝑛ℎ (𝜋(𝑤 + 2𝑠)4ℎ )
 (3.9) 
 
(a) 
 
(b) 
Figure 3.6. 3-D Layout of the proposed microstrip crossover junction. (b) Top view (Unit: 
mm) [67]. 
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 𝜀௘௙௙ =
1 + 𝜀௥
𝐾(𝑘ᇱ)𝐾(𝑘𝑙)
𝐾(𝑘)𝐾(𝑘𝑙′)
1 + 𝐾(𝑘
ᇱ)𝐾(𝑘𝑙)
𝐾(𝑘)𝐾(𝑘𝑙′)
 (3.10) 
 𝐾(𝑥) = න
𝑑𝜙
ඥ1 − 𝑥ଶ sinଶ 𝜙
గ
ଶ
଴
 (3.11) 
where 𝑤 is the center conductor width, 𝑠 is the gaps between the center conductor and 
ground planes on both sides of the center conductor, and ℎ is the high of the dielectric 
substrate, as shown in Figure 3.7. Thus, the impedance of a conductor-backed coplanar 
waveguide depends on the center conductor width, gaps between center conductor and 
ground planes and the high of the substrate layer. Equations 3.5–3.11 are for conductor-
backed coplanar waveguides with large or infinite ground planes. In general RF circuit, 
the size of ground planes is finite and via holes are used to connect the ground planes on 
the top and bottom of the coplanar waveguide to avoid the leakage of the RF signal. Thus, 
the position of the via holes is another parameter affecting the impedance of the coplanar 
waveguide.  
 
The electric field distribution in a conductor-backed coplanar waveguide depends 
on the center conductor width (𝑤), gaps (𝑠) between center conductor and ground planes, 
 
Figure 3.7. Coplanar waveguide schematic. 
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and the high (ℎ) of the substrate layer. If the dimensions of 𝑤 and 𝑠 are relatively small 
compared to ℎ, the coplanar mode is dominant, which the electric fields concentrate 
between the center conductor and the ground planes on the top layer. If the dimensions 
of 𝑤 and 𝑠 are comparable to ℎ, the microstrip mode is dominant, which the electric fields 
concentrate between the center conductor and the ground planes on the bottom layer as 
shown in Figure 3.8. In the crossover design, the coplanar mode is preferred (small 𝑤 
and 𝑠) for minimum interference in between the coplanar waveguides on the top and 
bottom of the substrate. However, the width of the 50-Ω microstrip lines is another factor 
to be considered for smooth microstrip to coplanar waveguide transition. 
 
In the new crossover design for the Butler matrix implementation, the size of the 
crossover was further reduced by reducing the number of via holes as well as the center 
conductor width and gaps of the coplanar waveguides. Figure 3.9 shows one of the 
reduced-size crossovers (Design 1) with the coplanar waveguide portion reduced to 5×5 
mm2. The total number of via holes connecting the ground planes of the coplanar 
waveguides was reduced to four. The via holes were positioned at a distance of 0.8 mm 
(𝑑) away from the edges of the ground planes on the top layer and the diameter of the via 
holes were 0.6 mm. The smallest drill bit for the milling machine in our lab is 0.15 mm, so 
the dimension of 𝑠 was set to 0.16 mm to ensure strong coupling between the center 
Figure 3.8. Electric field distribution of a conductor-backed coplanar waveguide [69]. 
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conductor and the ground planes on the same layer as the center conductor so that the 
electric fields will concentrate in the gaps. The center conductor width (𝑤) was adjusted 
to 1.2 mm. The simulated and measured performances of the reduced-size crossover are 
shown in Figure 3.10. Reasonable good performance was obtained in both simulated and 
measured results from 0.5 GHz to 8 GHz. The simulated and measured return loss on 
each port is less than -17 dB. The insertion loss in the two orthogonal paths is less than 
1 dB with isolation between the two paths more than 25 dB and the phase difference of 
less than 3°. In the frequency band of interest (4–6 GHz), the simulated and measured 
return losses are less than -19 dB with insertion loss less than 0.7 dB, isolation between 
the two paths more than 26 dB, and the phase difference between the two paths less than 
2°. 
 
 
(a) 
 
(b) 
Figure 3.9. Crossover Design 1: (a) Top view. (b) Bottom view. 
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To further improve the isolation of the crossover, the center conductor of coplanar 
waveguides was slightly tapered so that the middle part of the center conductor is 
narrower while the gap, 𝑠, was kept to be 0.16 mm, as 0.16 mm is close to the dimension 
limit of our milling machine. Figure 3.11 shows the schematic of the crossover design 
(Design 2) with the center conductor of the coplanar waveguides tapered, where the 
center conductor width, 𝑤1  is 0.8 mm while 𝑤2  is 1.2 mm. By tapering the center 
conductor, more electric fields would concentrate on the gaps between the center 
conductor and the ground planes on the layer as the center conductor, which would 
 
(a) (b) 
 
(c) 
 
(d) 
Figure 3.10. Simulated and measured results of crossover Design 1. (a) Return loss. (b) 
Insertion loss. (c) Isolation. (d) Phase difference between the two orthogonal paths. 
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reduce the interference from the coplanar waveguide on the other side of the substrate 
and improve the isolation between the two coplanar waveguides.  
The simulated and measured performances of the crossover with tapered center 
conductor on the coplanar waveguides are shown in Figure 3.12. The simulated return 
loss on each port is less than -20 dB throughout the 0.5–8 GHz frequency band. However, 
the measured return loss at around 4 GHz is about -15 dB. This could be due to the 
fabrication accuracy of the milling machine. The measured insertion loss is slightly higher 
at around 4 GHz correspond to the slightly higher return loss, overall the insertion loss is 
less than 1 dB in most cases from 0.5 to 8 GHz. The simulated and measured isolation 
between the two paths is improved as expected and it is improved by about 10 dB.  The 
simulated and measured phase difference between the two paths is of less than 3°. Due 
to the slightly higher return loss and insertion loss at around 4 GHz in Design 2, crossover 
Design 1 was chosen to be implemented in the Butler matrix design. 
 
 
(a) 
 
(b) 
Figure 3.11. Crossover Design 2: (a) Top view. (b) Bottom view. 
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3.2.1.3 Differential Phase Shifter 
In the 8×8 Butler matrix design, three fixed phase shift values are required, which 
are 22.5°, 67.5°, and 45°. Phase shift can be easily achieved by changing the 
transmission line length. However, the phase shift produced by this method is frequency 
dependent and narrow band.  To achieve wideband phase shift, Schiffman differential 
phase shifter was used for the Butler matrix implementation. Figure 3.13 shows the 
schematic of a standard Schiffman phase shifter. It consists of two transmission lines, 
one of them is folded and form a couple line section, the other one is the reference line. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3.12. Simulated and measured results of crossover Design 2. (a) Return loss. (b) 
Insertion loss. (c) Isolation. (d) Phase difference between the two orthogonal paths. 
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The phase shift produced by a Schiffman phase shifter is the phase difference between 
the two transmission lines and it can be expressed as [70]: 
 ∆𝜑 = 𝐾𝜃 − cosିଵ(
𝜌 − tanଶ 𝜃
𝜌 + tanଶ 𝜃
) (3.12) 
where 𝜃 is the electrical length of the coupled line, 𝐾 is the ratio of the electrical length of 
reference transmission line to the coupled line and 𝜌 is the impedance ratio of the even 
and odd mode impedances of the coupled line and defined as 
 𝜌 =
𝑍଴௘
𝑍଴௢
 (3.13) 
𝑍଴௘ and 𝑍଴௢ are the even and odd mode impedances of the coupled lines. 𝑍଴௘ and 𝑍଴௢ 
can be calculated using commercial microwave simulation software, such as TXLINE in 
Microwave Office from National Instruments and LineCalc in ADS from Keysight.  
 
In Schiffman phase shifter design, the bandwidth of the phase shifter can be 
improved by dividing the coupled line into multiple sections with different characteristic 
impedance [71]. For the Butler matrix implementation, two-section Schiffman phase 
shifters were designed to provide 22.5°, 45°, and 67.5° phase shifts. The phase shifters 
were designed together with the crossovers to take into account the phase delay of the 
 
Figure 3.13. Schematic of a standard Schiffman phase shifter [70]. 
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crossover. Figure 3.14a shows the simulation setup of the 22.5° and 67.5° phase shifters 
integrated with the crossovers. The dimensions of the transmission line length and the 
coupled line gap and impedance were adjusted such the phase shifters produce phase 
difference of the 22.5° and 67.5° corresponding to their reference transmission lines. The 
reference transmission line for 22.5° phase shifter is the one connecting ports 4 and 8 as 
illustrated in Figure 3.14a. The reference transmission line for 67.5° phase shifter is the 
one connecting ports 1 and 5. The simulated results of the 22.5° and 67.5° phase shifters 
are also shown in Figure 3.14. The simulated return loss is less than -19 in most of the 
ports. Ports 4 and 8 have return loss of less than -13.4 dB. The slightly higher return loss 
is due to the transmission line with a lot of right angle bends which introduce discontinuity 
in the transmission line. The simulated insertion loss of the phase shifters is less than 0.7
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3.14. (a) Schematic of 22.5° and 67.5° two-section Schiffman phase shifter 
integrated with crossover. (b) Simulated return loss. (c) Simulated insertion loss. (d) 
Simulated phase shift. 
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dB. The degree of phase shifts is shown in Figure 3.14d, in which stable phase shifts of 
22.4°±0.5° and 68.3°±1.2° are obtained across the 4–6 GHz band.  
For the simulation setup of the 45° phase shifters as shown in Figure 3.15a, part 
of the model was cut out to reduce the simulation time as the schematic is symmetric. 
The simulated results of the 45° phase shifters are also shown in Figure 3.15 in which the 
simulated return loss and insertion loss are less than -16 dB and 1 dB respectively. The 
simulated phase shift is 45°±1.3° across the 4–6 GHz frequency band. 
 
The components (90° hybrid couplers, crossovers, and phase shifters) were 
integrated and form a microstrip-based 8×8 Butler matrix as shown in Figure 3.16. The 
overall size of the Butler matrix is 315 mm × 170 mm. Full-wave simulation of the 8×8 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3.15. (a) Schematic of 45° two-section Schiffman phase shifter integrated with 
crossover. (b)  Simulated return loss. (c) Simulated insertion loss. (d) Simulated phase 
shift. 
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Butler matrix was performed in HFSS. The simulated return loss of the input and output 
ports of the Butler matrix are shown in Figure 3.17. The simulated transmission 
coefficients of each input port to the output ports and the phase shift on the output ports 
for each input port of the Butler matrix are illustrated in Figure 3.18 to Figure 3.25. The 
simulated return loss of the input and output ports are below -10 dB over the 4–6 GHz 
band. The simulated transmission coefficients of each input port to the output ports are 
within the range of -10 dB to -14 dB in most of the cases. In ideal case, if the 8×8 Butler 
matrix is lossless, the transmission coefficient from the input ports to the output ports 
would be -9 dB. Thus, the simulated insertion loss of the 8×8 Butler matrix is 3 dB ± 2 dB. 
The simulated phase shift on the output ports for each input port of the Butler matrix are 
also summarized in Table 3.2 and compared with the theoretical values. The simulated 
phase shifts on the output ports are close to the theoretical values and with variations 
within ±15°. 
 
 
Figure 3.16. Microstrip implementation of the Butler matrix beam-switching feed network.
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(a) 
 
(b) 
Figure 3.17. 8×8 Butler matrix simulation results: (a) Return loss on the input ports. (b) 
Return loss on the output ports. 
 
(a) 
 
(b) 
Figure 3.18. 8×8 Butler matrix simulation results: (a) Insertion loss of port 1. (b) Phase 
shift in the output ports while exciting port 1. 
 
(a) 
 
(b) 
Figure 3.19. 8×8 Butler matrix simulation results: (a) Insertion loss of port 2. (b) Phase 
shift in the output ports while exciting port 2. 
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(a) 
 
(b) 
Figure 3.20. 8×8 Butler matrix simulation results: (a) Insertion loss of port 3. (b) Phase 
shift in the output ports while exciting port 3. 
 
(a) 
 
(b) 
Figure 3.21. 8×8 Butler matrix simulation results: (a) Insertion loss of port 4. (b) Phase 
shift in the output ports while exciting port 4. 
 
(a) 
 
(b) 
Figure 3.22. 8×8 Butler matrix simulation results: (a) Insertion loss of port 5. (b) Phase 
shift in the output ports while exciting port 5. 
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The 8×8 Butler matrix design was fabricated using the milling machine in our lab 
and experimentally characterized. The fabricated Butler matrix prototype and its 
 
(a) 
 
(b) 
Figure 3.23. 8×8 Butler matrix simulation results: (a) Insertion loss of port 6. (b) Phase 
shift in the output ports while exciting port 6. 
 
(a) 
 
(b) 
Figure 3.24. 8×8 Butler matrix simulation results: (a) Insertion loss of port 7. (b) Phase 
shift in the output ports while exciting port 7. 
 
(a) 
 
(b) 
Figure 3.25. 8×8 Butler matrix simulation results: (a) Insertion loss of port 8. (b) Phase 
shift in the output ports while exciting port 8. 
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measured results are shown in Figure 3.26 to Figure 3.35. Overall, the measured results 
agree with the simulated results. The measured return loss of the input and output ports 
are below -10 dB. The measured insertion loss is around 3±2 dB.  The measured phase 
shift on the output ports are close to the simulated results. However, the measured phase 
shift has slightly larger variations compares to the simulated results: the measured results 
have variations of ±20° and the simulated results have variations of ±15°. The measured 
phase shift results are also summarized in Table 3.2 for comparison with the simulated 
phase shift results as well as the theoretical values for each input port of the 8×8 Butler 
matrix.  
 
 
 
Figure 3.26. Fabricated prototype of the 8×8 Butler matrix. 
 
(a) 
 
(b) 
Figure 3.27. 8×8 Butler matrix measurement results: (a) Return loss on the input ports. 
(b) Return loss on the output ports. 
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(a) 
 
(b) 
Figure 3.28. 8×8 Butler matrix measurement results: (a) Insertion loss of port 1. (b) Phase 
shift in the output ports while exciting port 1. 
 
(a) 
 
(b) 
Figure 3.29. 8×8 Butler matrix measurement results: (a) Insertion loss of port 2. (b) Phase 
shift in the output ports while exciting port 2. 
 
(a) 
 
(b) 
Figure 3.30. 8×8 Butler matrix measurement results: (a) Insertion loss of port 3. (b) Phase 
shift in the output ports while exciting port 3. 
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(a) 
 
(b) 
Figure 3.31. 8×8 Butler matrix measurement results: (a) Insertion loss of port 4. (b) Phase 
shift in the output ports while exciting port 4. 
 
(a) 
 
(b) 
Figure 3.32. 8×8 Butler matrix measurement results: (a) Insertion loss of port 5. (b) Phase 
shift in the output ports while exciting port 5. 
 
(a) 
 
(b) 
Figure 3.33. 8×8 Butler matrix measurement results: (a) Insertion loss of port 6. (b) Phase 
shift in the output ports while exciting port 6. 
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Table 3.2. Comparison Table Between the Theoretical, Simulated, and Measured Linear 
Phase Shift in the Output Ports for Each Input Port of the Butler Matrix. 
Input Port 1 2 3 4 5 6 7 8 
Theoretical -22.5° 157.5° -112.5° 67.5° -67.5° 112.5° -157.5° 22.5° 
Simulated -16° ±15° 
160° 
±15° 
-112° 
±15° 
69° 
±10° 
-73° 
±10° 
-110° 
±10° 
-160° 
±12° 
22° 
±15° 
Measured -15° ±15° 
155° 
±20° 
-110° 
±20° 
72° 
±20° 
-70° 
±20° 
-115° 
±15° 
-160° 
±20° 
20° 
±20° 
 
 
 
 
(a) 
 
(b) 
Figure 3.34. 8×8 Butler matrix measurement results: (a) Insertion loss of port 7. (b) Phase 
shift in the output ports while exciting port 7. 
 
(a) 
 
(b) 
Figure 3.35. 8×8 Butler matrix measurement results: (a) Insertion loss of port 8. (b) Phase 
shift in the output ports while exciting port 8. 
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3.3 Digital Beamforming 
In digital beamforming, the operations of phase shifting and amplitude scaling for 
each antenna element are done digitally in the baseband or intermediate frequency (IF) 
level by multiplying the signal with a complex weight. Due to the signals and complex 
weight are represented in digital format, digital beamforming provides more freedoms in 
controlling the phase and amplitude of the signals, which allows desired and complicated 
radiation patterns to be synthesis easily, such as radiation patterns with lower sidelobe 
level, patterns with multiple beams, and patterns with a null in the direction of interference 
sources. The computation resources in digital beamforming system also allows realization 
of other advanced features, such as angle of arrival (AoA) estimation and adaptive 
beamforming algorithm implementation. Figure 3.36 shows the block diagram of a 4-
channel digital beamforming receiver. The RF signal from each antenna is down-
converted to baseband level (or IF level) and sampled by an analog to digital converter. 
Each sampled signal is multiplied by a complex weight. The results from the channels are 
summed to produce one baseband signal (or IF signal) with directional properties. The 
output of a digital beamforming receiver can be expressed as: 
 𝑦(𝑘) = ෍ 𝑆௡(𝑘)𝑊௡
ேୀସ
௡ୀଵ
 (3.14)
where 𝑆௡(𝑘) is the sampled down-converted signal from each channel, 𝑊௡ is the complex 
weight for each channel and N is the total number of channels. 
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3.3.1 Pattern Synthesis for Linear Arrays 
There are many methods available to synthesize a radiation pattern or determine 
the complex weight values for a desired radiation pattern, such as Fourier transform 
method, Woodward synthesis method, and Dolph-Chebyshev synthesis method [72], [73]. 
Among these methods, Fourier transform is the simplest method. For a linear antenna 
array with uniform element spacing, the radiation pattern can be expressed as [72]: 
 𝐹(𝑢) = ෍ 𝑊௡𝑒௝
ଶగ
ఒ ∗௨∗௡∗ௗೣ  (3.15) 
where  
 −
𝑁 − 1
2
≤ 𝑛 ≤
𝑁 − 1
2
, 𝑛 = ±
1
2
, ±
3
2
, ±
5
2
, …  
𝑁 is the total number of elements or channels, 𝑑௫ is the antenna element spacing, 𝑊௡ is 
the Fourier series coefficient or weight, and 𝑢 represents the radiation pattern in 𝑢-space. 
 
Figure 3.36. Digital beamforming receiver block diagram. 
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Thus, given a desired radiation pattern 𝐹(𝑢), its corresponding weight values or Fourier 
series coefficient can be calculated as: 
 𝑊௡ =
𝑑௫
𝜆
න 𝐹(𝑢)𝑒ି௝
ଶగ
ఒ ∗௨∗௡∗ௗೣ  𝑑𝑢
ఒ
ଶௗೣ
ି ఒଶௗೣ
 (3.16) 
 The calculated weight for the synthesized pattern can be verified by using the array 
factor equation (3.3). Examples of radiation pattern synthesis using Fourier series 
approximation are shown in Figure 3.37. The ideal pulse-shape patterns with different 
beamwidth and beam number were synthesized in an eight-element linear array using 
Fourier series approximation. The calculated weights were plugged into (3.3) to generate 
the synthesized patterns. The synthesized patterns match well with the pulse-shape 
patterns in terms of beamwidth and beam directions.  
 
 
(a) 
 
(b) 
 
(c) 
Figure 3.37. Fourier series synthesized representation of pulse-shaped patterns in an 
eight-element array. 
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3.3.2 Angle of Arrival 
Angle of arrival for a radio signal can be estimated using various of methods and 
algorithms, such as adaptive beamforming algorithms, multiple signal classification 
(MUSIC) algorithm, and Capon’s minimum variance method [74], [75]. Adaptive 
beamforming algorithms adjust the complex weights on-the-fly to maximize the quality of 
the communication channel and generally require less computational resources 
compared to other methods based on singular value decomposition or eigenvalue 
decomposition. Least mean squares (LMS) algorithm is one of the commonly used 
adaptive beamforming algorithm. Figure 3.38 shows the block diagram of a digital 
beamforming receiver with LMS algorithm. A feedback loop is used to update the weights 
accordingly. The output signal of the beamforming receiver is compared with a desired 
signal, the weights are updated based on the difference between the two signals 
recursively to minimize the difference. The LMS weight updating equation is given by 
 𝑊(𝑘 + 1) = 𝑊(𝑘) + 𝜇𝑆∗(𝑘)𝑒(𝑘) (3.17) 
where 
 𝑒(𝑘) = 𝑑(𝑘) − 𝑆்(𝑘)𝑊(𝑘) (3.18) 
𝜇 is the step size. 
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3.3.3 Digital Beamforming Transceiver 
While the Butler matrix can be used to switch the main beam of the antennas for 
the proposed directional networking system, the advanced features in digital 
beamforming are attractive for tracking the mobile users and providing optimal radiation 
pattern that changes adaptively based on the location and movement of the mobile users. 
In the study of hybrid smart antenna array using highly directional antenna elements [74] 
by our colleague, an eight-channel digital beamforming receiver was built. For the 
purpose of testing the beamforming algorithms, a four-channel digital beamforming 
transmitter was added to the system so that it can support both transmitting and receiving. 
Figure 3.39a shows the block diagram of the transceiver design in which the transmitter 
chain contains the newly added components and the receiver chain has the components 
from [74]. In the transceiver system, a 4-channel 14-bit DAC and an 8-channel 12-bit ADC 
cards are installed on a PC and controlled by Matlab. The maximum sample rate of the 
DAC and ADC card are 60 MS/s and 25 MS/s, respectively. The PC is responsible for 
 
Figure 3.38. Digital beamforming receiver block diagram with LMS adaptive algorithm. 
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signal processing, AoA estimation, and generating signals for the DAC card. The RF front 
end in the transmitter and receiver chains is responsible for frequency down convert and 
up convert. In the current system setup, the RF front end of the system support frequency 
up convert and down convert at 2.4 GHz. Figure 3.39b shows the photo of the digital 
transceiver system with monopole antenna arrays. 
 
The digital transceiver system can be used for testing the AoA estimation and 
beamforming algorithms, as well as their compatibility with the communication protocols. 
Currently the LMS algorithm is implemented in the transceiver system so that it can track 
and send the signal back to the direction of the communicating source. The operation 
procedure for the transceiver system is described below: 
1. Acquire data from each channel of the ADC card. 
2. Estimate the AoA information using LMS algorithm. 
3. Generate continuous wave signal for each channel of the DAC based on the 
estimated AoA, so that the transmitter beamform to the AoA direction. 
 
(a) 
 
(b) 
Figure 3.39. Digital beamforming transceiver. (a) Block diagram. (b) Picture of the system 
with antenna setup. 
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4. Send data to DAC for transmission. 
5. Repeat the procedures for every half second.  
Preliminary measurements were performed to verify the performance of the 
transceiver system and the LMS algorithm. In the measurement, two horn antennas were 
used, one of the horn antenna (Tx) was connected to a signal generator that output a 
continuous wave signal at 2.406 GHz, while the other horn antenna (Rx) was connected 
to a spectrum analyzer to measure the received signal power level. Figure 3.40 shows 
one of the measurement setup and the measured result, which the Tx horn was fixed at 
30° while the Rx horn is moving in a constant radius with step size of 10°. The measured 
result shows the transceiver was able to correctly estimated the AoA information of the 
source and beamform the radiation pattern to 30° angle. Figure 3.41 show another 
measurement setup and its corresponding result, which the Tx horn and Rx horn were 
fixed at 0° while rotating the antenna arrays connected to the digital transceiver. Stable 
signal level was obtained at around ±30°. It indicates that the transceiver was able to 
track the source at different angles and beamform to the direction of the source.  
 
 
(a)  (b) 
Figure 3.40. Digital transceiver measurement with Tx horn fixed at 30° while the Rx horn 
is moving in a constant radius. (a) Measurement setup. (b) Measured result. 
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(a) 
 
(b) 
Figure 3.41. Digital transceiver measurement with Tx horn and Rx horn fixed at 0° while 
rotating the antenna arrays connected to the digital transceiver. (a) Measurement setup. 
(b) Measured result. 
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CHAPTER 4                                                    
ANTENNA ARRAY PROTOTYPES AND 
EXPERIMENTAL MEASUREMENTS 
In the previous chapters, three antenna arrays and an 8×8 Butler matrix were 
designed. This chapter covers the measured results of the antenna arrays in the 
broadside direction as well as the beam-switching results while the antenna array is 
connected to the Butler matrix. The antenna arrays were fabricated in our lab using milling 
machine and the measurements were done in the anechoic chamber at University of 
Hawaii at Manoa. 
In the measurement setup, the antenna under test (AUT) was set as a receiver 
and a linearly polarized horn antenna was set as a transmitter. To measure the radiation 
characteristics (gain and axial ratio) of a circularly polarized antenna, phase-amplitude 
method [23], [76] was used with two measurements performed using the horn antenna in 
the orientation angle of 0° (for 𝐸ఏ) and 90° (for 𝐸థ). The 𝐸ோு஼௉, 𝐸௅ு஼௉ and the axial ratio 
(AR) can be calculated as: 
 𝐸ோு஼௉ =
1
√2
(𝐸ఏ + 𝑗𝐸థ) (4.1) 
 𝐸௅ு஼௉ =
1
√2
(𝐸ఏ − 𝑗𝐸థ) (4.2) 
 𝐴𝑅 = ቤ
|𝐸ோு஼௉| + |𝐸௅ு஼௉|
|𝐸ோு஼௉| − |𝐸௅ு஼௉|
ቤ (4.3) 
where 𝑗ଶ = −1. 
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4.1 Broadside Radiation Pattern Measurement 
In measuring the broadside radiation pattern, an 8-way power divider was used to 
feed the antenna arrays so that all the subarrays were fed in the same phase. Figure 4.1 
shows the fabricated circularly polarized 4×8 LSA array. The measured results are shown 
in Figure 4.2Figure 4.4 together with the simulated results.  
  
Figure 4.2 shows the measured results of the return loss and RHCP gain of the 
4×8 LSA array. The measured return loss is below -10 dB across the 4-6 GHz band, 
which agrees well with the simulated result. There are additional resonances in the 
measured data which are due to additional cable length in the feeding network as coaxial 
cables were used to connect the power dividers and the 90° hybrid couplers. The 
measured RHCP gain agrees well with the simulated gain: the measured gain ranges 
from 15.5 to 18 dBic and the simulated gain ranges from 15.5 to 19 dBic. The measured 
axial ratio of the LSA array is shown in Figure 4.3. Decent axial ratios on the broadside 
direction are obtained in both measurement and simulation. In both cases, the axial ratios 
are below 1.8 dB across the frequency band of interest. The measured RHCP and the 
 
(a) 
 
(b) 
Figure 4.1. Fabricated 4×8 LSA array. (a) Isometric view. (b) Top view. 
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cross-polarization radiation patterns in x-z plane and y-z plane at different frequencies 
are shown in Figure 4.4. In the x-z plane, the 3-dB beamwidth ranges from 19° to 13° 
from 4 to 6 GHz. In the y-z plane, the 3-dB beamwidth ranges from 34° to 26°. The side 
lobe level of the radiation patterns is less than -14 dB. Good cross-polarization level is 
obtained, which is more than 20 dB in the broadside direction. 
 
 
 
Figure 4.2. Measured and simulated return loss and RHCP gain of the 4×8 LSA array.  
 
Figure 4.3. Measured and simulated axial ratio of the 4×8 LSA array. 
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Figure 4.5 shows the fabricated 4×8 dual-fed stacked patch antenna array. The 
measured return loss and RHCP gain of the stacked patch antenna array are shown in 
Figure 4.6. Both measured and simulated return losses are less than 10 dB from 4.5 to 5 
GHz. The measured RHCP gain ranges from 17 to 19 dBic while the simulated RHCP 
gain ranges from 20 to 21.5 dBic. There are several dB decreases in the measured gain 
at upper frequency end compare to the simulated gain as illustrated in Figure 4.6. The 
decrease in gain at the upper frequency end could be due to fabrication errors. 
Specifically, the antenna array, had a very small gap (order of 0.2 mm) in between the 
stacked substrates (due to the solder on top of the driven patches), which resulted in the 
aforementioned errors. The measured axial ratio shown in Figure 4.7 is below 1 dB and 
agrees with the simulated values. The measured RHCP and LHCP radiation patterns in 
the x-z and y-z planes are shown in Figure 4.8. The RHCP radiation patterns have 3-dB 
beamwidth range from 10° to 9° from 4.5 to 5 GHz in the x-z plane. In the y-z plane, the 
3-dB beamwidth of the radiation patterns ranges from 20° to 18°.  The side lobe level of 
the measured patterns in both planes are less than -10 dB with cross-polarization level of 
more than 20 dB. 
 
Figure 4.4. Measured radiation pattern of the 4×8 LSA array in x-z plane and y-z plane. 
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(a) 
 
(b) 
Figure 4.5. Fabricated 4×8 dual-fed stacked patch antenna array. (a) Isometric view. (b) 
Back view. 
 
Figure 4.6. Measured and simulated return loss and RHCP gain of the 4×8 dual-fed 
stacked patch antenna array. 
 
Figure 4.7. Measured and simulated axial ratio of the 4×8 dual-fed stacked patch antenna 
array. 
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The fabricated 8×8 dual-fed stacked patch antenna array with annular gaps is 
shown in Figure 4.9. The broadside radiation measurement results of the antenna array 
are shown in Figure 4.10–Figure 4.12. In the frequency range of 4.4–5.2 GHz, the 
measured return loss is less than -10 dB. The measured RHCP gain ranges from 21 to 
23.7 dBic which is slightly lower than the simulated gain due to the losses from the cable 
and power divider feeds. After the post-processing of measured data and removing of 
additional insertion losses due to cable and power divider feeds, the measured gain 
matched very well with the simulated gain, as shown in Figure 4.6. The measured axial 
ratio is less than 1.6 dB over the 4.4–5.2 GHz band and it agrees well with the simulated 
axial ratio. The measured RHCP and LHCP radiation patterns in the x-z and y-z planes 
are shown in Figure 4.12. The RHCP radiation patterns have 3-dB beamwidth range from 
10° to 9° from 4.4 to 5.2 GHz in both planes. The side lobe levels of the measured patterns 
in both planes are less than -10 dB with cross-polarization level of more than 20 dB. Table 
4.1 summarizes the radiation characteristic of the three antenna arrays in the broadside 
direction.  
Figure 4.8. Measured radiation pattern of the 4×8 dual fed stacked patch antenna array 
in the x-z plane and y-z plane. 
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(a) 
 
(b) 
Figure 4.9. 8×8 stacked patch antenna array with annular gaps. (a) Front view. (b) Back 
view. 
 
Figure 4.10. Measured and simulated return loss and RHCP gain of the 8×8 dual fed 
stacked patch antenna array with annular gaps. 
 
Figure 4.11. Measured and simulated axial ratio of the 8×8 dual fed stacked patch 
antenna array with annular gaps. 
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4.2 Beam-Switching Radiation Characteristics 
To characterize the beam-switching or beamforming performance of the antenna 
arrays, measurements were also conducted on the antenna arrays when fed by the 8×8 
Butler matrix. Figure 4.13 shows the measured radiation patterns of the 4×8 LSA array in 
the x-z plane at 5 GHz. As shown in Figure 4.13a, at different input port of the Butler 
matrix, the main beam of the antenna array successfully steers to a different direction. 
The peak gain of the main beam decreases as it steers away from the broadside direction 
 
Figure 4.12. Measured radiation pattern of the 8×8 dual-fed stacked patch antenna array 
with annular gaps in the x-z plane and y-z plane. 
Table 4.1. Comparison table of the measured radiation characteristics of the three 
antenna arrays in the broadside direction. 
 4×8 LSA array 4×8 stacked patch antenna array 
8×8 stacked patch 
antenna array 
Frequency (GHz) 4–6 4.5–5 4.4–5.2 
Bandwidth 40% 10.5% 16.7% 
Gain (dBic) 15.5–18 17–19 21–23.7 
Axial ratio (dB) <1.8 <1 <1.6 
3-dB beamwidth (x-z 
plane) 19°–13° 10°– 9° 10°– 9° 
Side lobe level (dB) <-14 <-10 <-10 
Cross-polarization 
level (dB) >20 >25 >25 
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due to the nature of the antenna element. Stable beam patterns are obtained when the 
main beam direction is within ±30°, and the change in the peak gain is within 2.2 dB. For 
main beams within ±30° angle, the average peak gain is about 13.5 dBic with 3-dB 
beamwidth about 15°, side lobe level less than -13 dB and cross polarization level more 
than 10 dB. There is about 3 dB decrease in gain compare to the measured result in the 
broadside direction.  The decreases in gain is due to the insertion loss of the Butler matrix. 
The corresponding axial ratio on the direction of each main beam is shown in Figure 4.13b. 
As it may be seen the axial ratio degrades as the main beam steers away from the 
broadside direction. For the beam patterns at ports 1 and 8, the axial ratio is less than 3 
dB in the direction of the main beam. For the beam patterns at ports 4 and 5, the axial 
ratio increases to more than 3 dB as the angle increases. Overall the axial ratio is less 
than 6 dB within ±30° angle. The axial ratio for ports 2 and 7 is not shown in the figure as 
the axial ratio degrades to more than 10 dB. 
 
The measured results at the lower and upper frequencies (4 and 6 GHz) of the 4×8 
LSA array fed by the Butler matrix are shown in Figure 4.14 and Figure 4.15.  At 4 GHz, 
each corresponding main beam steers to a slightly larger angle direction and has wider 
 
(a) 
 
(b) 
Figure 4.13. Measured radiation characteristics of the 4×8 LSA array fed by the Butler 
matrix in the x-z plane at 5 GHz: (a) Radiation pattern. (b) Axial ratio. 
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beamwidth, compared to the results at 5 GHz. This is because the feeding port spacing 
is smaller at 4 GHz in terms of wavelength. In this case, stable beam patterns are obtained 
when the main beam directions are within ±40°. The 3-dB beamwidth is about 17°. The 
average peak gain is about 12.5 dBic with cross polarization level more than 10 dB. The 
axial ratio is less than 4.5 dB when the main beam directions are within ±40°. Similarly, 
at 6 GHz, stable beam patterns are obtained when the main beam directions are within 
±30°. The 3-dB beamwidth is about 13°. The average peak gain is about 13.5 dBic with 
cross polarization level more than 10 dB. The axial ratio is less than 6 dB when the main 
beam directions are within ±30°. 
 
 
(a) 
 
(b) 
Figure 4.14. Measured radiation characteristics of the 4×8 LSA array fed by the Butler 
matrix in the x-z plane at 4 GHz: (a) Radiation pattern. (b) Axial ratio. 
(a) 
 
(b) 
Figure 4.15. Measured radiation characteristics of the 4×8 LSA array fed by the Butler 
matrix in the x-z plane at 6 GHz: (a) Radiation pattern. (b) Axial ratio. 
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Figure 4.16Figure 4.18 illustrate the measured radiation patterns and axial ratio of 
the 4×8 dual-fed stacked patch antenna array fed by the Butler matrix at different 
frequencies (center, lower and upper frequencies of the 4.5–5 GHz band). As the 4.5–5 
GHz frequency span is not large, the radiation patterns at 4.5 GHz and 5 GHz are very 
similar and have 3-dB beamwidth of about 10° to 9°. Similar to the LSA array, stable beam 
patterns are also obtained in the angle range of ±30°. The patch antenna array has 
antenna element spacing of 0.66λ at 4.75 GHz. Hence, narrower beamwidth (10°) and 
closer main beam directions are obtained as expected. Grating lobes are also observed 
in the radiation patterns of ports 2 and 7 which the main beam of these patterns is outside 
of the ±30° angle range. The average peak gain of the measured radiation patterns is 
about 14.5 dBic with sidelobe level less than -10 dB and cross polarization level more 
than 13 dB. Similar to the LSA array, the axial ratio degrades as the main beam steers 
away from the broadside direction. Overall the axial ratio is less than 4.5 dB within ±30° 
angle, which is slightly better than the LSA array. 
 
 
(a) 
 
(b) 
Figure 4.16. Measured radiation characteristics of the 4×8 patch antenna array fed by the 
Butler matrix in the x-z plane at 4.75 GHz: (a) Radiation patterns. (b) Axial ratio. 
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The measured radiation patterns and axial ratio of the 8×8 patch antenna array 
with annular gaps fed by the Butler matrix at different frequencies are shown in Figure 
4.19Figure 4.18. The beamwidth and beam directions of the 8×8 patch antenna array are 
the same as the 4×8 patch antenna array as their element spacing are the same. The 
8×8 patch antenna array has higher average peak gain which is about 20 dBic. Grating 
lobes are also observed in the radiation patterns of ports 2 and 7. Similarly, stable beam 
patterns without grating lobes are obtained in the angle range of ±30°. The radiation 
patterns have sidelobe level less than -10 dB and cross polarization level more than 15 
 
(a) 
 
(b) 
Figure 4.17. Measured radiation characteristics of the 4×8 patch antenna array fed by the 
Butler matrix in the x-z plane at 4.5 GHz: (a) Radiation patterns. (b) Axial ratio. 
 
(a) 
 
(b) 
Figure 4.18. Measured radiation characteristics of the 4×8 patch antenna array fed by 
the Butler matrix in the x-z plane at 5 GHz: (a) Radiation patterns. (b) Axial ratio. 
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dB. Good axial ratio values are obtained for the radiation patterns within the ±30° angle 
range, where the axial ratio values are below 3 dB.  
 
 
 
(a) 
 
(b) 
Figure 4.19. Measured radiation characteristics of the 8×8 patch antenna array with 
annular gaps fed by the Butler matrix in the x-z plane at 4.75 GHz: (a) Radiation patterns. 
(b) Axial ratio. 
 
(a) 
 
(b) 
Figure 4.20. Measured radiation characteristics of the 8×8 patch antenna array with 
annular gaps fed by the Butler matrix in the x-z plane at 4.5 GHz: (a) Radiation patterns. 
(b) Axial ratio. 
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Stable RHCP radiation patterns are obtained in the scanning range of ±30° on the 
three antenna arrays when fed by the Butler matrix. At the angles outside the ±30° range, 
the radiation patterns either degrade very fast or have grating lobes. With limited feeding 
port spacing, the 4×8 LSA array has wider beamwidth and only four stable main beams 
are observed covering the ±30° angle range. On the other hand, the patch antenna arrays 
have larger element spacing, which results in narrower beamwidth and six main beams 
are observed in the ±30° angle range. The 4×8 LSA array has average peak gain about 
13.5 dBic when fed by the Butler matrix, while the 4×8 patch antenna array and the 8×8 
patch antenna array have average peak gain about 14.5 dBic and 20 dBic, respectively. 
The axial ratio of the antenna arrays degrades while the main beam direction of the 
radiation pattern steer away from the broadside direction. Overall, in the scanning range 
of ±30°, the 4×8 LSA array has axial ratio of less than 6 dB while the 4×8 patch antenna 
array and the 8×8 patch antenna array have axial ratio of less than 4.5 dB and 3 dB, 
respectively. The patch antenna arrays have better axial ratio is due to the implementation 
of sequential rotation technique on the antenna elements in the antenna array design. 
 
(a) 
 
(b) 
Figure 4.21. Measured radiation characteristics of the 8×8 patch antenna array with 
annular gaps fed by the Butler matrix in the x-z plane at 5 GHz: (a) Radiation patterns. 
(b) Axial ratio. 
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Table 4.2 shows the comparison of the three antenna arrays with other state-of-
the-art publications on circularly polarized antenna array. Since most of the published 
works on circularly polarized antenna array are only focus on the radiation characteristics 
of the antenna array in the broadside direction and do not support beam-steering, Table 
4.2 compares the radiation characteristics of the antenna arrays in the broadside direction. 
As the other published works have different number of antenna elements and sizes, the 
antenna arrays are also compared in terms of realized aperture usage rate (RAUR). 
Table 4.2. Comparison table of the circularly polarized antenna arrays and other 
published designs. 
Antenna array Number of 
elements 
Frequency 
(GHz) 
Bandwidth Gain 
(dBic) 
Dimension RAUR Beam-
steering 
LSA array 4×8 4–6 40% 17 4.2𝜆௖×2.6𝜆௖×0.2
𝜆௖ 
5.15/𝜆௖ଶ Y 
stacked patch 
antenna array 
4×8 4.5–5 10.5% 18 5.3𝜆௖×2.99𝜆௖× 
0.0475𝜆௖ 
4.47/𝜆௖ଶ Y 
stacked patch 
antenna array 
with annular 
gaps 
8×8 4.4–5.2 16.7% 23 
5.77𝜆௖×5.77𝜆௖× 
0.08𝜆௖ 
5.99/𝜆௖ଶ Y 
[77] 1×4 2.434–2.474 
3.13–3.17 
1.6% 
1.3% 
10 2.8𝜆௖×0.7𝜆௖× 
0.044𝜆௖ 
5.1/𝜆௖ଶ Y 
[17] 1×4 4.4–5.75 26.7% 9 2.45𝜆௖×0.85𝜆௖× 
0.118𝜆௖ 
3.8/𝜆௖ଶ Y 
[78] 1×4 3.57–6.3 55.3% 13 2.71𝜆௖×1.48𝜆௖× 
0.304𝜆௖ 
4.97/𝜆௖ଶ N 
[19] 1×8 5.46–5.7 2.2% 13.5 8.8𝜆௖×5.8𝜆௖× 
0.1𝜆௖ 
0.44/𝜆௖ଶ Y 
[79] 2×2 1.1–1.77 46% 12 1.91𝜆௖×1.91𝜆௖× 
0.31𝜆௖ 
4.34/𝜆௖ଶ N 
[80] 4×4 6.585–6.65 1% 20 4.08𝜆௖×3.8𝜆௖× 
0.035𝜆௖ 
6.45/𝜆௖ଶ N 
[81] 4×4 56.55–65.13 14.1% 19 5𝜆௖×5𝜆௖×0.32𝜆௖ 3.18/𝜆௖ଶ N 
[82] 8×8 28.1–29.8 5.9% 24 6.15𝜆௖×6.15𝜆௖× 
0.024𝜆௖ 
6.64/𝜆௖ଶ N 
[83] 8×8 10.7–12.3 14% 24 7𝜆௖×7𝜆௖×0.082𝜆௖ 5.13/𝜆௖
ଶ N 
[84] 8×16 12.01–12.14 1.1% 26 6.04𝜆௖×11.96𝜆௖× 
0.1𝜆௖ 
5.51/𝜆௖ଶ N 
[85] 12×12 7.25–8.4 14.7% 26 10.4𝜆௖×10.4𝜆௖× 
0.159𝜆௖ 
3.68/𝜆௖ଶ N 
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RAUR is defined as antenna gain per wavelength square area.  As shown in Table 4.2 
the 4×8 LSA array and the 8×8 stacked patch antenna array have relatively wide 
bandwidth and high RAUR in comparison with other antenna arrays. For antenna arrays 
have similar RAUR as the LSA array and the patch antenna array, they are either have 
narrower bandwidth or lower gain. Such as the array designs in [77], [80], [82], and [84], 
the bandwidth of the antenna arrays are less than 6%. The antenna array in [78] has a 
bandwidth of 55% and a RAUR of about 5/𝜆௖ଶ, which is comparable with the 4×8 LSA array, 
however, its gain is about 13 dB and does not support beam-steering. For other antenna 
array designs, which have relatively wide bandwidth, their RAUR tend to be low, such as 
the designs in [17] and [79]. Overall, the 4×8 LSA array and the 8×8 stacked patch 
antenna array have relatively high RAUR and low-profile in comparison with other 
antenna arrays have similar bandwidth. Note that the ground plane dimensions are not 
optimized when designing the LSA and the patch array, thus, the RAUR of the arrays can 
be further improved by reducing the size of the antenna ground plane.    
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CHAPTER 5                                                                                   
CONCLUSIONS AND FUTURE WORK 
Two novel right hand circularly polarized antenna arrays were developed for 
directional networking application and the antenna arrays are designed to meet sponsor 
requirement for the US Army CERDEC. For the 4×8 LSA array, small diagonal slots were 
created on the metallic patches of the antenna array to reduce the input impedance of the 
antenna array. The small diagonal slots were able to reduce the input impedance of the 
LSA array to 60 Ω, thus the complicated impedance transformers are no longer required 
to feed the LSA array and it can be fed by simple tapered microstrip transmission lines.  
The new 4×8 LSA array design covers the frequency band of 4–6 GHz with gain of 17 
dBic, axial ratio of <1.8 dB and 3-dB beamwidth of 19°–13°. For systems require 
extremely low-profile antenna installation, two patch antenna arrays were designed. The 
4×8 stacked patch antenna array was designed using substrate material with dielectric 
constant of 3.55 and thickness of 1.523 mm, it covers the frequency band of 4.5–5 GHz 
with gain of 18 dBic, axial ratio of < 1dB and 3-dB beamwidth of 10°. To improve the gain 
of the patch antenna array, a substrate with low dielectric constant (𝜀௥=2.64) was used 
and air gaps in between the substrate and the ground plane were introduced to lower the 
effective dielectric constant. However, the extra height from the air gap introduce extra 
inductance on the feeding probes of the antenna. Thus, annular gaps were used to 
compensate the extra inductance. With doubling of the antenna elements, the new 8×8 
stacked patch antenna array has a gain of 23 dBic, an axial ratio of < 1.6 dB and a 3-dB 
beamwidth of 10°, and it covers the frequency band of 4.4–5.2 GHz.  
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To steer the main beam of the antennas, an 8×8 compact broadband single layer 
Butler matrix was designed. A compact coplanar waveguide crossover design was 
implemented in the Butler matrix design to reduce the size of the Butler matrix. The 
developed Butler matrix operates at the frequency band of 4–6 GHz; it has insertion loss 
of 3±2 dB and phase shift error of ±20°. Measurements were performed on the antenna 
arrays when fed by the Butler matrix to characterize the beam steering performance of 
the antenna arrays. The Butler matrix was able to steer the main beam of the antenna 
array to different directions in the azimuth plane. Stable RHCP radiation patterns are 
obtained in the scanning range of ±30° on the three antenna arrays when fed by the Butler 
matrix. The axial ratio of the antenna arrays degrades while the main beam direction of 
the radiation pattern steer away from the broadside direction. In the measured results, 
the 4×8 LSA array has wider beamwidth and four stable main beams are observed 
covering the ±30° scanning angle with average peak gain of about 13.5 dBic and axial 
ratio of less than 6 dB. On the other hand, the patch antenna arrays have narrower 
beamwidth and six main beams are observed in the ±30° scanning angle due to the patch 
arrays have larger element spacing. The 4×8 patch antenna array has average peak gain 
about 14.5 dBic and axial ratio less than 4.5 dB. The 8×8 patch antenna array has average 
peak gain about 20 dBic and axial ratio less than 3 dB. 
Future work will include development of user discovery and tracking schemes that 
support multiple users and are compatible with the communication protocol (WiFi or LTE) 
that will be used in the proposed directional networking system. The tracking schemes 
and codes will be implemented in a FPGA or microprocessor control unit. As for the 
beamforming, we will continue to explore the tradeoffs involved in either analog 
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implementation (e.g. using Butler matrix) vs digital implementations. Butler matrix based 
implementation is a low-cost option, hence attractive for rural area implementation and 
also requires only one feed and a set of switches for controlling the beam direction. Digital 
beamforming implementation, on the other hand requires multiple feeds but has the 
advantage of flexibility in beamforming options such as the generation of multiple 
simultaneous beams and adaptive beamforming. The final stage for the whole project will 
be field testing of the proposed directional networking system in rural areas. 
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